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Abstract 
This thesis describes the synthesis of Si, Ge and Si-Ge axial heterostructure 
nanowires and nanorods through the use of two solution synthesis based 
approaches. These nanostructures are catalysed by low solubility catalysts via both 
the vapour-liquid-solid and solution-liquid-solid nanowire growth mechanisms. 
Chapter 1 gives an introduction to Si and Ge nanowires detailing the different 
growth mechanisms and synthetic techniques allowing for their production. The 
different types of catalysts available for the synthesis of these nanowires are also 
outlined and discussed. 
The general synthetic strategies and characterisation techniques used for the 
synthesis and analysis of the nanostructures produced within this work are detailed 
in Chapter 2. 
Chapter 3 investigates the synthesis of Si-Ge axial heterostructure nanowires 
catalysed by Sn seeds. These structures were initially found to grow in high density 
in the vapour phase of an organic solvent, via the vapour-liquid-solid growth 
mechanism. Through the variation of the synthetic approach, it was also possible to 
synthesise these nanowires via the solution-liquid-solid mechanism, in the liquid 
phase of the organic solvent. The electrochemical potential of these nanowires as 
anodes in a Li-ion battery was then examined. 
The modification of the synthetic protocol for the growth of Sn seeded multi-
segment Si-Ge axial heterostructure nanowires is described in Chapter 4. The ability 
to reverse the configuration of the previously synthesised Si-Ge heterostructure 
nanowires to form Ge-Si heterostructure nanowires was first investigated. This then 
iv 
 
led to the synthesis of more complex, multi-segment heterostructures of up to at 
least six alternating segments of Si and Ge. The interfacial abruptness of the Ge-Si 
interface was determined through the use of atomic resolution electron energy loss 
spectroscopy analysis. 
The synthesis of Pb seeded Ge nanowires is described in Chapter 5, catalysed by 
both an evaporated Pb layer and Pb nanoparticles. These nanowires were 
synthesised by both the vapour-liquid-solid and solution-liquid-solid growth 
mechanisms, simultaneously. Pb nanoparticles were then attached to the as-
synthesised Pb-Ge nanowires, from which branched Ge nanowires were grown, in 
order to increase the overall density of the Ge nanowires on the substrate. Both the 
single crystal and branched nanowires were investigated for their use as Li-ion 
battery anodes. 
Chapter 6 describes the low temperature, solution synthesis of Si, Ge and Si-Ge 
axial heterostructure nanowires and nanorods through the solution-liquid-solid 
growth mechanism, exclusively. These structures were synthesised from Sn 
catalysts which were formed in situ from an evaporated layer of Sn on stainless 
steel or from Sn nanoparticles. The synthesis of these nanowires/nanorods at 
temperatures ranging from 200 °C to 300 °C was enabled through the addition of a 
reducing agent to the reaction, with control over the lengths of the resulting 
nanostructures achieved through the variation of the reaction temperature. 
Chapter 7 offers conclusions for each chapter and recommendations for further 
study pertaining to the work completed in this thesis.  
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Chapter 1: Introduction 
1.1 Background 
1.1.1 1-D Nanostructure Background 
Nanotechnology involves the study of materials which have at least one 
dimension less than 100 nm. These materials can manifest in a range of different 
structures, categorised by the number of dimensions within the nanometre scale 
including, 0-D such as quantum dots,
1
 1-D such as nanorods
2
 and nanowires
3
, 2-D 
such as nanoplates
4
 and nanosheets
5
 and 3-D structures such as assemblies of NCs.
6
 
These materials are very interesting with many potential applications as their 
chemical and physical properties can change dramatically when compared to the 
bulk material. This phenomenon has been widely reported from size dependent 
melting point depression of NPs
7-9
 to size dependent tuning of the bandgap in 
NCs.
10-12
 
Perhaps some of the most researched nanomaterials are semiconductor 
NWs/NRs as their small diameters allow for quantum confinement effects, while 
their long lengths make them suitable and more easily integrated into device 
architectures. In particular, research into group IV NWs/NRs (Si and Ge) has grown 
immensely in the past two decades, due to some of the unique structural, optical, 
thermal and electrical properties which can be realised, making them suitable for 
incorporation into applications such as energy conversion,
13-16
 energy storage,
17-22
 
biosensing
23-25
 and nanoelectronics.
26-30
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1.1.2 Silicon and Germanium Nanowire Background 
 Si is the dominant material used in the semiconductor industry for a number 
of reasons, including the fact that it is cheap, it is the most abundant element on the 
Earth’s crust, it is non-toxic and chemically stable and it has high carrier mobilities. 
The growth of Si “whiskers” was first detailed by Wagner and Ellis in 1964. 
However, research into these reduced sized structures of Si has grown immensely in 
the past number of decades following the synthesis of the first Si NWs by Morales 
et al. in 1998.
31
 Since this initial report, the synthetic routes for Si NWs have 
become more advanced, with wide ranges of Si NWs achievable through different 
growth mechanisms (section 1.3). Of significant interest, in particular for 
nanoelectronics, is the ability to incorporate dopants into the NW synthesis protocol 
in order to tune the resultant electronic properties of the NWs. Promising results 
have been achieved for the synthesis and device integration of these doped NWs, 
with Figure 1 showing the growth of Si NWs consisting of p-type, intrinsic and 
n-type regions along the NW length, through the addition of a boron precursor for 
p-type doping and a phosphorous precursor for n-type doping.
32
 
 
Figure 1. Schematic of an axially modulated p-i-n NW. (b) SEM image of a 
uniform p-i-n axial Si NW with Au catalyst at the tip (scale bar = 1 μm).32 
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While Si is the most widely used material in the semiconductor industry, the 
first transistor, made in 1947, was made using Ge. The transition to Si as the 
material of choice was due to the less stable oxide layer on Ge and its lower natural 
abundance. However, Ge is a very interesting semiconductor material which has the 
potential for use in many devices that currently use Si, due to their many 
similarities, including the fact that they can be synthesised using similar growth 
techniques, with Ge NW growth typically requiring lower reaction temperatures. Si 
has a Bohr radius of 4.9 nm while Ge has a Bohr radius of 24.3 nm. For this reason, 
Ge NWs may be of significant value as their quantum confinement effects would be 
evident in NWs of larger diameters. Also, Ge has a smaller indirect bandgap of 
0.66 eV (at 300 K) compared to Si (1.11 eV at 300 K) and exhibits higher electron 
and hole mobilities. While the use of Ge has been limited in the past due to its lack 
of a stable oxide, it has recently made a recurrence due to advancements in the 
synthesis of these NWs as well as advancements in the production of high k 
dielectric films for the gate insulator in FETs, with encouraging results being 
obtained for Ge NW FETs.
28
 
 
1.1.3 Silicon – Germanium Compound Nanowire Background 
An interesting evolution of the research into Si and Ge NWs is the synthesis 
of nanowires which consist of both materials. Combining both Si and Ge in one 
structure could take advantage of the potential benefits of both. For example in 
Li-ion battery anodes, the use of Si and Ge together could lead to greater stability 
when compared to the use of Si NWs alone, while also allowing for higher 
capacities than those achieved for Ge NW anodes. Also, from a nanoelectronics 
4 
 
point of view, these compound structures are of extreme interest due to the low-cost 
and abundance of Si, along with the higher carrier mobilities of Ge. Compound 
NWs of these materials typically take the form of alloys or heterostructures, with 
two types of hNWs possible, namely radial and axial. 
1.1.3.1 Silicon – Germanium Alloy Nanowires 
The obvious progression from the successful synthesis of elemental Au 
seeded Si and Ge NWs, was for the synthesis of Si-Ge alloy NWs, particularly 
when considering that the eutectics of Si and Ge with Au are almost identical to one 
another (363 °C for Si, 361 °C for Ge), suggesting the possibility for the concurrent 
growth of both materials, through the simultaneous addition of both Si and Ge 
sources into a reaction vessel. Si-Ge alloy NWs of varying Si:Ge ratios have been 
reported,
33-39
 with these NWs being of interest for a wide range of potential device 
applications ranging from energy storage (Li-ion battery)
40
 to nanoelectronics 
(transistors).
41
 Figure 2 shows a DF-STEM image of a Ge rich Au seeded Si-Ge 
alloy nanowire, with EDX line scan taken along the red line in (a) confirming a 
ratio of 70:30 of Ge to Si. 
 
Figure 2. (a) DF-STEM image of a Au seeded Si-Ge alloy NW with the 
corresponding EDX line scan in (b) showing a consistent 70:30 ratio of Ge to Si 
along the NW length.
39
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1.1.3.2 Silicon – Germanium Radial Heterostructure Nanowires 
Radial hNWs are more complex compound structures of Si and Ge, 
consisting of a Si core with a Ge shell, or vice versa. This shell can be amorphous 
or crystalline in nature as observed in Figure 3.
42
 These hNWs have been 
successfully incorporated in FETs, resulting in a significant improvement in their 
performance in comparison to single element Si and Ge NW FETs.
30
 
 
Figure 3. (a) TEM image of an un-annealed Ge-Si core-shell NW 
(scale bar = 50 nm) with elemental maps for Ge and Si in (b) and (c) respectively. 
(d) HRTEM image of a representative NW from the same synthesis showing the 
amorphous nature of the Si shell, with the elemental mapping cross section in (e) 
(Si in blue, Ge in red). (f) HRTEM image of an annealed Ge-Si core-shell NW 
exhibiting a crystalline Si shell with the elemental map in (g).
42
 
 
 
 
6 
 
1.1.3.3 Silicon – Germanium Axial Heterostructure Nanowires 
Axial hNWs consist of Si, Ge and/or SixGe1-x alloy segments which 
interchange along the length of the NW, as shown in Figure 4. These hNWs are of 
great interest for use in high performance FETs and thermoelectric devices as the 
ability to switch the semiconductor material allows for the tuning of electron 
transport properties along the length of a NW. 
The integration of these axial hNWs into device applications relies on the 
ability to produce abrupt interfaces between the semiconductor materials. However, 
the majority of reports detailing the growth of these structures have used Au as the 
growth catalyst, resulting in the production of diffuse interfaces, due to the high 
solubilities of Si and Ge with Au (section 1.5.2). The Type B catalysts 
(section 1.5.3), having low solubilities with Si and Ge, are interesting for their 
potential to produce hNWs with more abrupt interfaces. The effect of the 
solubilities of Si and Ge, in the catalyst material, specifically pertaining to axial 
hNW growth will be discussed further in section 1.5.5. 
 
Figure 4. (a) TEM image of two Si-SiGe heterostructure NWs with the change in 
contrast corresponding to a change in material from Si (bright sections) to SiGe 
(dark sections). (b) Line scan taken along the NW growth axis showing the absence 
of Ge in the bright sections (Si) and its presence in the darker sections (SiGe).
43
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1.2 Applications 
The potential applications for these Si, Ge and Si-Ge hNWs covers a broad 
range of areas due to the variety of different properties which can be achieved 
during the synthetic processes. Some of the most promising device applications for 
these NWs include photovoltaics, transistors and Li-ion batteries. 
1.2.1 Photovoltaics 
Bulk Si is the most commonly used material for photovoltaic applications, 
accounting for approximately 90 % of the market.
44
 However, the possibility for 
lowering the production costs of photovoltaics, while maintaining current 
performances, has led to the investigation of Si NWs for use in these devices.
45
 
Initial results of the use of Si NWs in photovoltaics showed quite low efficiencies, 
which were attributed to interfacial recombination.
46
 However, through 
modifications to the growth process and device fabrication, Si NW solar cells of 
increased efficiencies have been realised, with Figure 5 depicting a Si NW solar cell 
device which has allowed for efficiencies of between 5 % and 6 %.
47
 Hui et al. 
reported efficiencies of over 11 % with Si NW arrays, aligned in an angular 
orientation, which they accredited to the excellent anti-reflection properties of the 
arrays and better electrical contact of the cell due to this orientation.
48
 Further 
improvements to the efficiencies of Si NW based cells are expected through the 
optimisation of the growth processes, device design, and through improvements to 
the surface passivation, contacts and light trapping.
44
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Figure 5. Si NW solar cell structure (a) Tilted cross-sectional SEM of a solar cell 
(scale bar = 1 μm) and (b) Tilted optical image of 36 Si NW radial p-n junction 
solar cell arrays (scale bar = 4 cm).
47
 
 
1.2.2 Transistors 
 Si and Ge NWs are very interesting materials for integration into transistor 
devices due to the ability to tune their electronic properties. Single NW FETs of 
both Si and Ge have been fabricated with promising electron transport values 
obtained.
29,49
 Si-Ge alloy NWs have also been incorporated into these devices as a 
means of increasing the electron and hole mobilities, in comparison to the elemental 
Si NW FETs.
41,50,51
 While in principle these alloy FETs should present better 
performances than the Si NW FETs, surprisingly this has not been the case due to 
interfacial Ge-O and Si-O-Ge bonds acting as surface traps.
52
 Ge/Si core/shell hNW 
FETs have also been investigated (Figure 6) with these FETs showing significant 
improvement over elemental Si and Ge NW FETs.
30
 Axial Si-Ge hNWs have also 
been incorporated in tunnelling FETs, with promising results achieved for the ION 
and subthreshold swing values and suppressed ambipolar behaviour.
53
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Figure 6. (a) and (b) Schematic of a Ge/Si core/shell hNW FET and band diagram, 
with the dashed line indicating the position of the Fermi level EF. (c) Schematic of 
the Ge/Si hNW device. (d) Top-view SEM image of a typical device 
(scale bar = 500 nm) and (e) cross-sectional TEM image of a device with the 
boundaries between the different material outlined with the dashed lines 
(scale bar = 10 nm).
30
 
 
1.2.3 Li-Ion Battery Anodes 
Si and Ge NWs are also very interesting materials for their potential use as 
Li-ion battery anodes. Currently the anode material for these batteries is graphite 
which has a specific capacity of 372 mAh/g. Group IV materials in particular, such 
as Si, Ge, Sn and Pb are promising materials for the replacement of these graphite 
anodes as they have much higher capacities, as shown in Figure 7.
54
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Figure 7. Gravimetric and volumetric capacities of C (LiC6), Si (Li4.4Si), 
Ge (Li4.25Ge), Sn (Li4.25Sn) and Pb (Li4.25Pb).
54
 
 
A limiting factor in the incorporation of these materials into Li-ion anodes is 
the fact that the bulk materials undergo a large volume change upon lithiation 
(eg. Si ~ 400 %, Ge ~ 270 %), which reduces the cycling stability of the anode due 
to pulverisation of the active material and loss of contact with the current collector. 
To combat this issue NWs of these materials have been investigated for use as 
Li-ion anodes, instead of the bulk material.
21,55,56
 Figure 8 shows that unlike the 
bulk material, Si NWs can expand in both diameter and length upon lithiation, 
avoiding the pulverisation of the active material.
20
 While Ge has a lower maximum 
theoretical capacity (1384 mAh/g) than Si (3579 mAh/g), it has a greater electrical 
conductivity than Si (~ 10000 x) and it also has a higher rate of diffusivity of Li at 
room temperature (~ 400 x). The incorporation of both of these materials together 
as an anode, to gain advantages from both materials, has also been investigated with 
11 
 
the use of core-shell Si-Ge and Ge-Si hNWs,
57,58
 branched Ge-Si hNWs
59
 and alloy 
Si-Ge NWs.
40
 Through ex-situ SEM and TEM analysis it has been observed that Ge 
NWs form a porous network following the continued lithiation/delithiation 
associated with cycling in a Li-ion battery.
55
 
 
Figure 8. Schematic showing the effects of lithiation on Si films, particles and 
NWs. (a) Si film and Si particles pulverised and losing contact with the current 
collector upon lithiation. (b) Si NWs showing the capability to expand without 
pulverisation maintaining good contact with the current collector.
20
 
  
12 
 
1.3 Nanowire Growth Mechanisms 
1.3.1 Vapour-Liquid-Solid Growth 
Semiconductor nanowire growth was established by Wagner and Ellis in 
1964 with the anisotropic growth of silicon whiskers, from metal catalysts, using an 
approach which they coined the vapour-liquid-solid (VLS) method.
60
 In this 
technique they noticed that the presence of an impurity was essential for the 
whiskers to grow and small drops of the impurity in question were present at the tip 
of the whisker, during growth. The VLS method, shown in Figure 9 (a) is a 
relatively simple concept with the vapour “V” (silane for Si NWs and germane for 
Ge NWs) being the source for the growth of the NWs as it decomposes to give 
either Si or Ge atoms. This decomposed monomer then diffuses into and 
supersaturates the liquid “L” catalyst/impurity causing axial crystal growth which 
produces solid “S” NWs. While VLS is the most common growth mechanism used 
for Si and Ge NWs, growth can also occur through the use of growth mechanisms 
which differ slightly from VLS. 
 
1.3.2 Solution-Liquid-Solid Growth 
Analogous to the VLS mechanism, the Buhro group first reported the 
solution-liquid-solid (SLS) growth mechanism in 1995 for the growth of crystalline 
III-V semiconductors, with semiconductor growth occurring in solution rather than 
in vapour.
61
 This mechanism, shown in Figure 9 (b), has since been extended to the 
synthesis of group IV NWs in solution.
62,63
 For SLS growth Si or Ge precursors are 
decomposed and solubilised within solution (S). This solubilised precursor then 
13 
 
diffuses into and supersaturates the liquid (L) seed and a solid (S) nanowire forms. 
The SLS growth of Si and Ge NWs has been reported with the use of Type A 
(section 1.5.2) and Type B (1.5.3) catalysts as the eutectic temperatures are suitable 
for NW growth in solution. 
 
1.3.3 Vapour-Solid-Solid (VSS) Growth 
The vapour-solid-solid (VSS) mechanism, shown in Figure 9 (c), involves 
the replacement of the liquid droplet of the catalyst with a solid catalyst particle, 
with the precursor vapour (V) supersaturating the solid (S) seed, allowing for a 
solid (S) nanowire to be grown. While VSS NW growth has been reported with the 
use of Type A catalysts (section 1.5.2), below their eutectic growth temperatures, 
this mechanism is typically used for the growth of NWs using the Type C catalysts 
(section 1.5.4) due to their high melting points and high eutectic temperatures. It has 
been observed that the growth rate for the VSS mechanism is quite slow in 
comparison to the VLS mechanism.
64
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Figure 9. Schematic depicting three different NW growth mechanisms, (a) vapour-
liquid-solid (VLS), (b) solution-liquid-solid (SLS) and (c) vapour-solid-solid (VSS). 
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1.4 Silicon and Germanium Nanowire Synthesis Techniques 
Si and Ge NWs can be synthesised using a range of growth protocols, which 
can typically be divided into two main groups, top-down and bottom-up. Top-down 
growth involves the removal of material from a bulk sample to achieve smaller 
structures while bottom-up growth uses chemical syntheses to build up a structure. 
Top-down Si and Ge NW growth is most commonly achieved through 
lithographical processes which involves the chemical or mechanical removal of 
materials, until the desired pattern is achieved. 
Bottom-up approaches may be advantageous in the production of high yields 
of NWs of smaller diameters, while maintaining lower production costs. There are a 
wide range of bottom-up approaches for Si and Ge NW growth so for the purposes 
of this thesis, these approaches will be divided into gaseous and solution 
approaches, with the most commonly used systems discussed. 
 
1.4.1 Gaseous Approaches 
The conventional methods for Si and Ge NW growth typically rely on a 
gaseous precursor being introduced into a reaction vessel. When this gas (vapour) 
interacts with a catalyst source, NW growth occurs via the VLS or VSS growth 
mechanisms. The most commonly used gaseous approaches are laser ablation, 
molecular beam epitaxy and chemical vapour deposition. 
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1.4.1.1 Laser Ablation 
The laser ablation method which allowed for the growth of the first 
nanowires was established by Morales et al.
31
 In this synthesis approach, as seen in 
the schematic in Figure 10, the nanowire material is co-ablated with the metal 
catalyst component. Morales et al. focussed a pulsed, frequency-doubled Nd-YAG 
laser (1), with a wavelength of 532 nm (2), onto a target (3) consisting of Si0.9Fe0.1, 
within a quartz tube. The reaction temperature was controlled using a tube furnace 
(4) which was heated to a temperature of 1200 °C for the Si NW growth. A 500 torr 
Ar gas flow at 50 sccm (standard cubic centimetres per minute) (6) condensed the 
ablated Si and Fe and caused Si-Fe nanoclusters to form which then acted as seeds 
for VLS NW growth. The gas flow then carried the produced NWs out of the hot 
zone of the furnace towards the cold finger (5), where they were collected. The Si 
wires produced through this method were found to have a diameter range from 6 nm 
to 20 nm. In the same report, Morales et al. used a similar setup for the growth of 
Ge NWs, with a diameter range from 3 nm to 9 nm, but used a reduced temperature 
of 820 °C with a 300 torr Ar gas flow at 50 sccm. The laser ablation growth system 
is advantageous in that it does not require a growth substrate, thin NWs can be 
produced, the composition of the NWs can be varied by changing the laser target 
and the NW growth rate is quite high with micrometres grown per minute. 
However, the extremely high temperatures required for NW growth, limit the 
suitability of laser ablation for industrial applications.  
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Figure 10. Schematic depicting the operation of the laser ablation approach to NW 
growth.
31
 
 
1.4.1.2 Molecular Beam Epitaxy 
The molecular beam epitaxy (MBE) method of NW growth involves the use 
of a solid, high purity semiconductor as the source, rather than chemical sources 
which are typically used in other methods. In this system, shown in the schematic in 
Figure 11 (a), Si or Ge is evaporated directly onto a catalyst (typically Au) coated 
substrate. As the temperatures used are above the Au eutectics with Si or Ge, the Au 
film breaks up and forms an alloy with the semiconductor material of the 
underlying substrate (Si or Ge), forming liquid droplets.
65
 These liquid droplets then 
allow for the semiconductor atoms from the solid to be adsorbed and crystallise to 
produce NWs. An ultra-high vacuum (UHV) is typically used with this system in 
order to prevent the oxidation or contamination of the substrate and the resulting 
NWs. The growth temperatures used in this system are quite high with Si NW 
growth typically requiring temperatures of 500-700 °C and Ge NW growth 
requiring temperatures typically above 400 °C.
66,67
 As these NWs are typically 
grown on either Si (111) or Ge (100) substrates, the resulting NWs are epitaxially 
grown and are oriented in specific directions. A key advantage to the use of MBE is 
that the fluxes of the materials can be controlled quite easily and accurately, making 
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doping of the NWs possible by using dopants such as B as the evaporation 
sources.
68
 As well as doping, axial heterostructure NWs can also be synthesised in 
this method by switching the growth source from Si to Ge.
69
 However, some 
drawbacks to the use of MBE are that the high temperatures involved in the 
synthesis mean that the typical NW diameters obtained are > 40 nm and the growth 
rates are very low with just a few nanometres per minute achievable. 
 
Figure 11. (a) Schematic representing the growth of Si NWs through MBE (b) 
SEM image of Au catalysed Si NWs grown by MBE.
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1.4.1.3 Chemical Vapour Deposition 
The CVD technique, shown in Figure 12, is the most commonly used system 
for group IV NW growth. In this system, a gaseous Si (eg. silane, dichlorosilane) or 
Ge (eg. germane) precursor is introduced into the reactor which contains a catalyst 
covered growth substrate. These precursors react with and supersaturate the 
catalytic material with NWs nucleating through the VLS
71-73
 or VSS
74-76
 growth 
mechanism. While these reactions are typically performed at high growth 
temperatures (> 500 °C), growth temperatures under 300 °C have also been 
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achieved for both Si and Ge NWs.
77,78
 The controlled synthesis of branched and 
hyperbranched NWs has also been possible in the CVD system through iterative 
reactions, with the attachment of NPs to the “backbone” NWs in between the 
reactions.
79
 
 
Figure 12. (a) Schematic outlining the CVD growth of Si NWs using 
tetrachlorosilane (SiCl4) as the Si source (b) Tilted SEM image of Cu catalysed Si 
NWs grown by CVD, with higher magnification SEM image inset 
(scale bar = 10 μm).70 
 
A significant advantage to the use of CVD for Si and Ge NW growth is the 
fact that the precursor gases are under a continuous, controllable flow, into the 
reactor. Doped Si and Ge NWs have been synthesised in the CVD system through 
the addition of dopant precursors (eg. diborane for p-type, phosphine for n-type) to 
the silane/germane gas.
80,81
 It has also been possible, by the simultaneous flow of Si 
and Ge precursors, to achieve alloyed NWs of varying compositions, by varying the 
ratio of the Si and Ge precursors.
33,34
 The synthesis of the more complex radial
42
 
and axial
64
 hNWs has similarly been realised in the CVD system through the 
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intermittent switching of the input precursor gas, during NW growth, from Si to Ge 
or vice versa. 
While CVD has proven to be successful in the production of a variety of Si 
and Ge NWs, the output is typically quite low while the cost of the system is high. 
The precursors necessary for the CVD growth of Si and Ge are also quite volatile 
which requires strict control over their use and storage.
82
 
 
1.4.2 Solution Synthesis Approaches 
Due to the expense involved in the synthesis of NWs through conventional 
gaseous approaches, as well as the low yields obtained, research into systems which 
may allow for the production of higher yields of NWs at lower costs, has grown 
substantially.
82
 A number of solution based approaches have emerged that allow for 
Si and Ge NW growth, typically, through the use of a HBS medium. The main 
solution approaches include the supercritical fluid system, the colloidal based 
approach and the solvent vapour growth system. 
 
1.4.2.1 Supercritical Fluid Approach 
The SCF system for NW growth was the first solution based approach which 
allowed for the production of both Si and Ge NWs. In this system, pressure is 
applied to an organic solvent, typically having a boiling point of less than 300 °C, in 
order to take it to above its critical point. This SCF is subsequently a region of 
liquid-vapour coexistence. The schematic depicting the synthetic set-up for the 
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growth of Si and Ge NWs in the SCF system is shown in Figure 13. While this 
approach requires a pressurised system and suitable reaction vessels, it established 
the ability to produce single crystal Si and Ge NWs outside of a vacuum controlled 
system. 
The Korgel group first produced Si NWs of 4 – 5 nm in diameter, using 
hexane, heated (to 500 °C) and pressurised above its critical point, as the solvent 
and diphenylsilane as the silicon precursor.
83
 It was also noted that the orientation 
of these Au seeded Si NWs could be controlled with the reaction pressure whereby 
<100> NWs oriented were synthesised at 200 bar and <110> oriented NWs were 
produced at 270 bar. This synthetic procedure was then extended to the synthesis of 
Au seeded Ge NWs, ranging from 10 to 150 nm in diameter, using supercritical 
cyclohexane as the solvent and tetraethylgermane and DPG as the germanium 
precursors.
84
 The use of this system has since been extended to the synthesis of Si 
and Ge NWs via the VLS and VSS growth mechanisms, using a range of catalytic 
approaches, including the production of metal-free NWs.
85-88
 
22 
 
 
Figure 13. (a) Schematic depicting the apparatus used for the synthesis of Si and 
Ge NWs in a SCF. (b) TEM image of a Ge NW oriented in the <111> direction, 
grown using supercritical cyclohexane as the solvent, with the SEM image in (c) 
showing the high aspect ratios of the resulting NWs.
84
 
 
1.4.2.2 Colloidal Based Approaches 
In the typical colloidal based NW growth set-up, a three-neck flask is 
connected to a schlenk line via a water condenser. Heat is applied to the flask 
through the use of a heating mantle, with a thermocouple inserted into one of the 
necks of the flasks to allow for accurate temperature control. Unlike the previous 
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NW growth systems described, this set-up is unpressurised, with growth occurring 
in a HBS medium, typically through the SLS growth mechanism.  
Lu et al. reported the first synthesis of Ge NWs in this system using Bi as 
the growth catalyst.
62
 In this reaction, the solvent, tri-n-octylphosphine, is heated to 
365 °C, under nitrogen, before a solution of GeI2 and Bi NPs are injected into the 
flask. The solution turns grey in colour and the reaction is allowed to continue for 
10 min at 350 °C, before the heating mantle is removed from the flask. Following a 
typical colloidal NW synthesis, the product can be separated from the organic 
solvent through centrifugation and can be re-dispersed in a solvent of choice. 
Various other solvents and Ge precursors have been successfully used for the 
synthesis of Ge NWs in similar colloidal set-ups, including the use of octadecene, 
tri-n-octylamine, squalane and squalene as the solvents and Ge
2+
 alkoxide, TOG 
and DPG as the Ge precursors.
89-91
 Chockla et al. have also achieved the growth of 
branched Ge NRs using Bi as the catalyst in this set-up.
92
 
Si NWs have similarly been synthesised using this system, where the highly 
reactive Si precursor, trisilane, was decomposed in the HBS octacosane and 
squalane in the presence of Au or Bi NCs.
63
 This synthetic protocol has since been 
modified for the growth of Au and Sn seeded Si NRs.
93,94
 
While these synthetic protocols typically rely on the introduction of 
pre-formed NCs into the reaction flask, to catalyse Si or Ge NWs, a one-step 
synthetic protocol has recently been reported for the growth of Sn seeded Si and Ge 
NRs. In this process (Figure 14), a Sn precursor is injected into the reaction flask 
with the Si precursor, trisilane.
95
 Trisilane allows for the in situ formation of Sn 
seeds, by reducing the Sn precursor, with these Sn seeds then catalysing Si NR 
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growth. This synthesis can be extended to the production of Ge NRs by the addition 
of DPG along with the Sn precursor and trisilane in one injection. 
 
Figure 14. (a) Schematic showing the colloidal set-up for Si and Ge NR growth (b) 
TEM image of Sn seeded Si NRs grown at 410 °C and (c) TEM image of Sn seeded 
Ge NRs synthesised at 350 °C.
95
 
 
1.4.2.3 Solvent Vapour Growth System 
Typically solution based approaches have relied on the growth of NWs 
within the solution zone of the chosen solvent. While solution approaches are 
beneficial as they are low cost, easily accessible systems which can be used for the 
growth of a wide range of nanomaterials, one constraint of the growth of NWs 
within solution is that it is not ideal for the semiconductor industry. To maintain 
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low costs, while also making NW growth more suitable to the semiconductor 
industry, the solvent vapour growth system was developed in 2011 by Barret et al., 
where self-seeded Ge NWs were synthesised via the VLS mechanism in high 
density within custom made Pyrex flasks, as shown in Figure 15 (a) and (d).
96
 The 
set-up consists of a long neck Pyrex flask placed in a three-zone furnace and 
connected to an argon schlenk line, via a water condenser. The system is first placed 
under vacuum before being ramped to the selected growth temperature under a 
constant Ar flow. The growth temperature selected is higher than the boiling point 
of the organic solvent used, ensuring that a ‘solvent vapour’ is produced in the 
flask. At the optimum growth temperature, the liquid precursor DPG is injected. 
The DPG is thermally decomposed and transported in the solvent vapour, with 
self-seeded growth of the Ge NWs occurring on the sidewalls of the flask. Growth 
occurs within the vapour zone of the HBS and this growth can be thermally 
localised depending on the zones of the furnace which are turned on, as shown in 
Figure 15 (b) and (c). 
Of the solution synthesis techniques detailed for Si and Ge NW growth, the 
SVG system may be the most analogous to the CVD growth system, as the 
synthetic protocol has been extended to the growth of a broad range of catalysed Si 
and Ge NWs including seeded Si and Ge NWs,
97-99
 silicide NWs,
100
 branched 
NWs
59
 and seeded Si-Ge axial hNWs,
101,102
 with growth occurring through both the 
VLS and VSS growth mechanisms. Within the synthesis of these Si-Ge axial 
hNWs, it has also been observed that, as a by-product of the reaction, long Ge NWs 
can be grown in the ‘solvent liquid’ region of the HBS.102 
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Figure 15. (a) Schematic of the SVG system used for self-seeded Ge NW growth. 
(b) and (c) show the flask after a typical synthesis where NW growth was thermally 
localised with (d) showing a SEM image of the resulting NWs.
96
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1.5 Catalytic Routes for Si and Ge Nanowire Growth 
1.5.1 Overview of Discrete Metal Catalysts 
The catalysts used for Si and Ge nanowire growth can be divided into three 
general groups, Type A (high solubility catalysts), type B (low solubility catalysts) 
and type C (silicide and germanide forming catalysts).  
The type A group of catalysts including Au, Al and Ag exhibit phase 
diagrams possessing single eutectic points with a high percentage (> 10 %) of Si or 
Ge in the eutectic alloy. This in turn means that a large amount of Si and Ge atoms 
are required to supersaturate the catalyst seed before nanowire growth will proceed, 
typically through the VLS growth mechanism, with growth via the VSS mechanism 
also possible. 
Similarly to the type A catalysts, the type B group, which includes In, Sn 
and Bi, also possess phase diagrams with single eutectic points with both Si and Ge, 
with nanowire growth typically occurring through the VLS growth mechanism. 
However, in contrast to the type A group, the type B catalysts, which are typically 
low melting point metals, are known as low solubility catalysts, due to the low 
percentage (typically < 1 %) of Si or Ge atoms in the eutectic alloy. 
The type C group of catalysts including Fe, Ni and Cu are silicide and 
germanide forming catalysts which have much more complex phase diagrams, often 
possessing numerous silicide and germanide phases. Due to the high melting points 
of the metals in this group, (eg. Fe has a melting point of 1538 °C) NW growth 
typically occurs through the VSS growth mechanism. 
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The section of the periodic table in Figure 16 shows the different elements 
within each category. 
 
Figure 16. Periodic table outlining the different elements which are categorised as 
Type A, Type B or Type C catalysts.
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1.5.2 Gold and Type A Catalysts 
Au, in both thin film and NP form, is the most extensively studied catalyst 
for both Si and Ge nanowire growth, with long, pristine NWs achievable typically 
through the VLS
72,103
 growth mechanism, but VSS
104
 and SLS
63,91
 growth have also 
been reported. There are a number of advantages to the use of Au as a catalyst 
material, including the fact that it has low eutectics with both Si (363 °C) and Ge 
(361 °C), as presented in the phase diagrams in Figure 17 (a) and (b). These low 
eutectic temperatures are beneficial in the synthesis of Si and Ge NWs at lower 
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reaction temperatures. Au is a non-toxic metal and is also chemically stable so it 
does not readily form an oxide when exposed to air, negating the requirement for 
oxide removal steps in the synthetic process. 
 
Figure 17. The phase diagrams (a) Au-Si
70
 and (b) Au-Ge
84
. 
 
However, Au is an expensive and rare metal, and is known to form electron 
traps in NWs, making it an unfavourable catalyst for electronic applications.
70,105,106
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Au also leads to irreversible capacity losses when used in Li-ion battery anodes.
107
 
For these reasons, alternative catalysts to Au, have been investigated for their 
suitability to the synthesis of Si and Ge NWs. 
Falling under the same category as Au, are Al and Ag, which, like Au, have 
high solubilities with Si and Ge. However, the eutectics with Si and Ge for Al and 
Ag are much higher than those observed for Au, meaning higher growth 
temperatures are required. Al has shown some promise as a catalyst material for the 
growth of these NWs through both the VLS and VSS growth mechanisms
108-110
 and 
as it is a group III material, it may instil p-type dopants into the NWs.
70
 However, 
Al is oxygen sensitive and forms Al2O3 in air, limiting its suitability for NW 
growth, as oxide removal steps would be required in the synthetic protocol. Ag and 
Ag/Au alloys have also been successful for the growth of these NWs, similarly 
through both the VLS and VSS growth mechanisms,
111-113
 but like Au, it is an 
expensive metal and though not as detrimental, it also introduces electron traps into 
the NW material.
111
 Figure 18 shows the growth of Al seeded Si NWs on a bulk 
piece of Al (a), while Ag seeded Ge NWs are shown in (b), catalysed using Ag NPs. 
 
Figure 18. (a) Al seeded Si NWs and (b) Ag seeded Ge NWs, both catalysed 
through the VSS growth mechanism.
109,112
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1.5.3 Type B Catalysts 
 The Type B catalysts are the least studied category of catalysts for Si and Ge 
NW growth. These catalysts typically exhibit Si and Ge solubilities of < 1 % 
(Figure 19 (a) and (b) show the phase diagrams for Zn-Si and Bi-Ge respectively), 
and have low melting points, offering the possibility for low temperature VLS NW 
growth. Zn was investigated for its suitability as a seed for Si NW growth, with 
Chung et al. reporting the synthesis of Zn seeded Si NWs with diameters ranging 
from 15 nm to 35 nm.
114
 While Zn has been successfully used as a group IV NW 
catalyst, similar to Au and Ag, it introduces electron traps within the NWs. For 
device applications, the group III and group V elements in this category are 
interesting for their potential for dopant incorporation from the seed, along the NW 
length. Ga
115
 and In
97,116
 with melting points of approximately 30 °C and 156 °C 
respectively, are both interesting for the low temperature synthesis of Si and Ge 
NWs while also offering the potential for p-type doping of the semiconductor 
materials. Conversely, Bi
62,63
 is an interesting catalyst for its potential for the 
incorporation of n-type dopants into the NWs. The group IV Type B catalysts, 
Sn
99,116
 and Pb
109,117
 have also allowed for the growth of Si and Ge NWs from a 
wide range of synthetic protocols. 
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Figure 19. The phase diagrams for (a) Zn-Si
70
 and (b) Bi-Ge
62
. 
 
Figure 20 shows SEM images of Si and Ge NWs, synthesised in the SVG 
system, using Sn as the catalyst, where the almost spherical Sn seeds can be 
observed at the tips of the NWs.
99
 Within this report it was observed that the 
average diameter of the resulting Si NWs was smaller than that of the Ge NWs, 
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with the average seed/NW diameter ratios being 2.25:1 for Sn-Si and 1.75:1 for 
Sn-Ge, which was attributed to the different wetting behaviour of Sn with Si and 
Ge.
102
 
 
Figure 20. SEM images of (a) Sn seeded Si NWs and (b) Sn seeded Ge NWs, with 
an almost spherical Sn seed at the tip of the NWs.
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1.5.4 Type C Catalysts 
 The Type C catalysts have been widely studied for the synthesis of both Si 
and Ge NWs in a range of synthetic approaches. Unlike the Type A and Type B 
catalysts, the Type C metals have complex phase diagrams with both Si and Ge, 
consisting of numerous silicide and germanide phases, with the lowest eutectic 
temperature being higher than 800 °C. The phase diagrams for Ti-Si and Cu-Ge are 
shown in Figure 21 (a) and (b), respectively. Due to the high eutectic temperatures 
of these metals, Si and Ge NW growth typically occurs through the VSS
74,75,118,119
 
growth mechanism but NW growth using the VLS
60,120-122
 mechanism is also 
possible, depending on the growth temperature chosen for the reaction. The 
synthesis of group IV semiconductors, using these catalysts, is typically performed 
at temperatures above 400 °C. 
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Figure 21. The phase diagrams for (a) Ti-Si
70
 and (b) Cu-Ge
123
. 
 
Cu and Ni in particular are interesting type C catalysts due to their potential 
for integration in the CMOS industry. The inherent compatibility with group IV 
materials makes these catalysts promising for microelectronic applications such as 
local interconnects, where high conductivity combined with stable crystal structures 
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are desirable. Depending on the film thickness of the catalyst material, as well as 
the reactivity of the precursor used, either silicide/germanide NWs or 
silicide/germanide seeded NWs are possible.
100,123
 Figure 22 (a) – (c) respectively 
show a Ni silicide NW grown using a bulk Ni foil,
124
 a Ni germanide NW grown 
using Ni foam substrates
125
 and a Cu germanide (Cu3Ge) seeded Ge NW produced 
with the use of bulk Cu foil.
98
 
 
Figure 22. (a) TEM image of Ni silicide NWs catalysed using bulk Ni foil,
124
 (b) Ni 
germanide catalysed by Ni foam substrates,
125
 and (c) Cu3Ge seeded Ge NW 
catalysed using bulk Cu foil with corresponding EDX line scan confirming the 
presence of Cu and Ge in the seed, with the Cu signal absent in the Ge NW.
98
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1.5.5 Catalysts for Si-Ge Axial Heterostructure Nanowires 
Due to its successes in the synthesis of single crystal Si and Ge NWs, Au 
was the first catalyst investigated for the synthesis of axial Si-Ge hNWs. Wu et al. 
combined the conventional CVD growth of Si, with a pulsed laser providing Ge 
vapour intermittently, to produce alternating Si and Si/Ge segments along the NW 
length.
43
 While this report showed a significant advancement in the synthesis of 
complex Si-Ge hNWs, it was noted that the interfaces between the Si and Si/Ge 
segments were very diffuse. This diffuse region was similarly observed in 
subsequent reports of Au seeded Si-Ge axial hNW growth, regardless of the 
synthetic technique employed.
69,126,127
  
Clark et al. determined that this diffuse region is of the order of the NW 
diameter and is attributed to the so-called “reservoir effect”.128 Due to this 
“reservoir effect” residual Si or Ge atoms remain in the Au seed even after the 
growth source has changed, due to the high solubility of Au with both Si 
(18.6 % Si at 363 °C) and Ge (28 % Ge at 361 °C). Figure 23 shows diffuse regions 
formed in a Si-Ge hNW with the intensity profile across a Si1-xGex segment shown 
in Figure 23 (e). When comparing this profile with the times when the germane was 
turned on and off, it is clear that there is a delay in the switching of the 
semiconductor material along the NW length. 
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Figure 23. Annular dark-field STEM images of a Si/ Si1-xGex hNW comprised of 6 
Si1-xGex blocks separated by Si segments grown for the same duration. (b)-(d) 
Higher magnification ADF-STEM images of this hNW with Ge EDS map overlaid 
in (d). (e) Intensity profile of the Si1-xGex segment in (d) which reveals asymmetric 
interfaces.
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In order to reduce this “reservoir effect” and therefore increase the 
interfacial abruptness of the hNWs, the solubility of Si and Ge with the chosen 
catalyst should be minimised. In an effort to reduce the solubilities of Si and Ge 
with Au, Wen et al. alloyed Au with Al and changed the growth mechanism, from 
VLS to VSS, following the growth of the initial Si segment.
64
 This resulted in the 
production of more abrupt interfaces but did so at the expense of the NW growth 
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rate due to switching to the slower VSS mechanism. Chou et al. reported the growth 
of comparably abrupt interfaces using Au/Ag alloy seeds, but again, this method 
relied on the switching of the growth mechanism from VLS to VSS.
129
 
Perea et al. have been able to synthesise Si-Ge hNWs with quite abrupt 
interfaces, while maintaining VLS growth, by alloying Au with the low solubility 
catalyst Ga.
130
 While this report showed the practicality of using a low solubility 
catalyst to reduce the “reservoir effect” and therefore reduce the transitional 
distance across the interfaces, low solubility seeds have been sparingly studied for 
Si-Ge hNW growth. 
In the first report of Si-Ge hNW growth using a low solubility catalyst, 
Geaney et al. were successful in the synthesis of atomically abrupt Sn seeded Si-Ge 
hNWs, within the SVG system.
101
 In this work, the Si precursor phenylsilane was 
injected at a temperature of 450 °C. Following a growth time of 45 min, the 
temperature was ramped down to the optimum Ge growth temperature of 430 °C 
and a triphenylgermane/squalane mixture was sequentially injected. Upon mixing of 
the triphenylgermane, with the phenylsilane in the flask following the Si segment 
growth, phenyl-redistribution
91,131
 occurs and the reactivity of the triphenylgermane 
precursor increases, producing a pure Ge segment. Figure 24 shows an EELS scan 
across the Si-Ge interface, confirming the production of a highly abrupt interface. 
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Figure 24. Interfacial abruptness determination of a Sn seeded Si-Ge hNW. 
(a) High angle annular DF-STEM image of the interface of a Si-Ge hNW, 
(b) corresponding HAADF intensity profile and EELS line scans taken along the 
arrow in (a), with the transition occurring over a distance of < 1.5 nm.
101
 
 
This synthetic protocol has since been extended to the use of another low 
solubility catalyst, In, to produce these Si-Ge hNWs.
102
 In this report, the extension 
of the synthetic protocol for the production of a third segment was also investigated, 
using both Sn and In as the catalysts. The typical Si-Ge reaction was followed but 
after the growth of the Ge segment, the temperature was increased back up to 
450 °C. When this temperature was reached, phenylsilane was again injected into 
the flask, in order to try to achieve pure Si segment growth. However, in this work 
it was reported that instead of a pure Si segment, a SixGe1-x alloy segment was 
formed, due to residual Ge within the reaction flask, irrespective of the catalyst used 
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(ie. Sn or In). Figure 25 shows a TEM image of an In seeded Si-Ge-SixGe1-x hNW 
from this reaction protocol, with the corresponding EDX line scan showing the 
alloyed nature of the third segment of the heterostructure. 
 
Figure 25. (a) TEM image of an In seeded Si-Ge-SixGe1-x hNW with corresponding 
line scan in (b) showing the presence of Si and Ge in the third segment.
102
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Chapter 2: Experimental Procedures and Characterisation 
Techniques 
 
2.1 General Synthetic Strategies 
The motivation for this project was to investigate the use of low cost 
glassware set-ups for the synthesis of silicon, germanium and multi-segment 
silicon-germanium heterostructure nanowires and nanorods. This thesis 
encompasses the use of two different glassware systems for the growth of these 
group IV NWs from a range of low solubility catalysts. In both systems, the 
decomposed precursor monomers are exposed to the catalytic source (an evaporated 
metal layer on stainless steel substrates or nanoparticle seeds) within a high boiling 
point organic solvent medium.  
In the first system investigated, the reaction temperatures are such that the 
HBS is taken above its boiling point, thus triggering the presence of both a solvent 
vapour and solvent liquid within the reaction flask. The presence of both a vapour 
and liquid medium, permits NW growth to occur in both regions, through the VLS 
and SLS growth mechanisms, respectively. 
In the second system examined, due to the low reaction temperatures 
involved, NW growth is confined to the solution region of the HBS, via the SLS 
growth mechanism, exclusively. 
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2.1.1 Solvent Vapour Growth System 
The first set-up examined for NW growth was the solvent vapour growth 
(SVG) system, which was initially reported by Barret et al. in 2011.
1
 In this work, 
the authors were able to synthesise self-catalysed Ge NWs through the thermal 
decomposition of the organometallic precursor DPG. The use of this system has 
since been extended to the growth of Si NWs,
2,3
 Ge NWs
4,5
 and axial Si-Ge hNWs
6
 
from a range of catalysts. 
The SVG set-up, shown in Figure 1, consists of a long neck round bottomed 
flask containing the growth substrate as well as 7 – 10 ml of the high boiling point 
organic solvent. The flask is then connected, via a water condenser, to an argon 
schlenk line in order to provide an oxygen free environment for NW synthesis. The 
reactions take place within a three-zone furnace, which allows for the accurate 
control of the reaction temperature of each zone. The HBS is heated to above its 
boiling point, producing a solvent vapour. The liquid organometallic precursor 
(phenylsilane for silicon, diphenylgermane/triphenylgermane for Ge) is then 
injected into the system, through a septum cap fitted at the top of the water 
condenser. The precursor is thermally decomposed producing Si or Ge monomers, 
which are then transported in both the solvent vapour and solvent liquid 
simultaneously, with NW growth occurring via both the VLS and SLS mechanisms 
respectively.  
This system was used for the synthesis of Sn seeded Si-Ge hNWs 
(Chapter 3), multi-segment Sn seeded Si-Ge hNWs (Chapter 4) and single crystal 
Pb-Ge NWs/branched Pb-Ge NWs (Chapter 5). 
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Figure 1. Schematic outlining the solvent vapour growth system used for the 
synthesis of Si, Ge and axial Si-Ge heterostructure NWs, with the three zones 
labelled. 
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2.1.2 Low Temperature Solution Growth System 
The second synthetic protocol investigated for group IV NW growth was the 
three-neck flask set-up, which has typically been used for colloidal nanocrystal 
synthesis.
7
 This set-up, as depicted in Figure 2, is similar in many ways to the SVG 
system but does not require the use of a three-zone furnace. The system consists of 
a three-neck round bottomed flask connected to an argon schlenk line via a water 
condenser (the water condenser is connected to the middle neck of the flask). The 
three-neck flask contains 10 ml of the HBS along with the catalyst material 
(evaporated metal layer on stainless steel/nanoparticle seeds). A thermocouple is 
connected to one neck of the flask for direct temperature monitoring of the reaction, 
while the final neck is fitted with a septum cap to seal the flask from the external 
atmosphere and to allow for the injection of the liquid precursors. 
This system is quite simple in comparison to the SVG system in that it 
requires only a heating mantle for the regulation of the reaction temperature. This 
set-up allows for group IV NWs to be grown at temperatures ranging from 200 °C – 
300 °C with the decomposition and transport of the organometallic precursors 
occurring in the solvent liquid with the resulting NWs grown exclusively via the 
SLS mechanism. 
This system was used for the low temperature synthesis of Sn seeded Si and 
Ge NRs, NWs and axial heterostructures (Chapter 6). 
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Figure 2. Schematic of the solution growth system involving a three-neck flask 
used for the low temperature synthesis of the group IV NWs and NRs. 
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2.2 Characterisation Techniques 
2.2.1 Scanning Electron Microscopy 
The SEM is a widely used analytical tool for the examination of 
nanomaterials as it can provide a range of information about the surface 
topography, crystalline structure and chemical composition (in conjunction with an 
EDX attachment – section 2.2.3), of a sample.8,9 SEM relies on an electron gun, 
creating a beam of electrons, which are passed through a series of lenses before 
being scanned over the surface of a substrate, to form an image. A schematic 
depicting a typical SEM and its components is shown in Figure 3. When electrons 
are accelerated onto the sample, a number of outcomes are possible: 1) they can 
pass through the sample without any interaction, 2) they can be scattered elastically 
or 3) they can be scattered inelastically. It is these differing interactions producing a 
variety of signals, which allows for the gaining of compositional and topographical 
information about the sample.
10
 
The SEM allows for the examination of large areas ranging from 200 nm up 
to 1 cm and has magnification potentials from 20 – 30,000 X. While it is relatively 
simple to use, a number of considerations should be taken into account when 
analysing a sample. For example, the greater the atomic number of the material, the 
lower the penetration depth. This can be counteracted by increasing the accelerating 
voltage which results in a greater penetration depth as well as producing higher 
resolution images. However, high accelerating voltages can potentially cause 
damage to the sample meaning care should be taken in the optimisation of the SEM 
conditions, particularly in the analysis of sensitive samples.
11
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Figure 3. Schematic representation of a typical SEM with the different components 
labelled.
12
 
 
While the resolution capability of the SEM (approximately 1 nm) is less 
than that of a TEM, the SEM is advantageous as it allows for the immediate, 
post-synthesis analysis of substrates, with little to no sample preparation required. 
Figure 4 shows Si NWs grown on bulk substrates which were easily imaged using 
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SEM. Some samples may require coating before imaging to remove charging 
effects, while other samples grown in solution can be drop-cast directly on to a 
substrate for analysis. As the SEM is a surface analytical technique, the accelerating 
voltages employed (3 – 30 kV) are also much smaller than those typically required 
for TEM.
8,9
 
 
Figure 4. SEM images obtained for the synthesis of Si NWs from a range of 
catalysts. Bulk substrates were used for the synthesis of (a) Fe, (b) Ti, (c) Cu and 
(d) Ni seeded Si NWs.
13
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2.2.2 Transmission Electron Microscopy 
While the first TEM was built in 1931, its history dates back to the work 
performed by Abbe and Helmholtz in 1873, when they suggested that the resolution 
of a microscope is limited by the light source used. This finding showed that the 
resolution of a light microscope is limited to be of the order of a few hundred 
nanometres. This fact, in combination with the discovery of the electron by 
J. J. Thomson in 1897, Louis de Broglie’s research into the wave nature of the 
electron in 1924 and Hans Busch’s work on magnetic lenses all culminated in the 
development of the TEM by Ernst Ruska and Max Knoll. This first TEM had 
resolution capabilities twice that of the light microscope.
14,15
 Since then there have 
been many advances in electron microscopy with some of the most advanced TEMs 
currently having sub-Angstrom resolutions. These resolution capabilities make the 
TEM an essential and indispensable tool for the analysis of nanomaterials, allowing 
for the determination of their morphologies, crystal structures and chemical 
composition using attachments such as elemental dispersive X-ray analysis 
(section 2.2.3) and electron energy loss spectroscopy (section 2.2.4).  
The different components which make up the modern TEM are outlined in 
the schematic in Figure 5. At the top of the column is a high voltage electron 
source, typically a LaB6 filament or a field emission source. The electrons generated 
here are focussed onto the thin specimen, through the use of a series of lenses. The 
electrons pass through the specimen and travel through a series of magnifying, 
magnetic lenses before being focussed on to the fluorescent screen at the bottom of 
the TEM. These transmitted electrons are then detected by the CCD camera to allow 
the user to view and capture the image.
14
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Figure 5. Schematic representation of a typical TEM with the different components 
labelled.
16
 
 
2.2.2.1 Electron Diffraction 
 Electron diffraction of nanowires in the TEM allows for the user to 
determine the crystal structure of the sample being analysed. As the electron beam 
interacts with the specimen, some of the electrons can be scattered. This allows for 
the formation of a diffraction pattern, which is unique to the material the electrons 
have interacted with. By measuring the distances and angles between the centre spot 
to the other spots on the diffraction pattern, a fully indexed pattern for the crystal 
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structure can be generated, with the determination of the growth direction of the 
nanowire then possible. The spots on a diffraction pattern are measured in 
reciprocal space meaning that a larger lattice will have a smaller distance on the 
diffraction pattern and vice versa. While XRD analysis offers crystallographic 
information for large sample areas, electron diffraction is beneficial as it allows for 
the determination of the crystal structure of a specific area of a single nanowire. 
Figure 6 (a) and (b) show the use of electron diffraction for the determination of the 
growth direction in a Si NW, which is consistent with the resolved lattice fringes in 
the HRTEM image in Figure 6 (c). 
 
Figure 6. TEM image of a Si NW with the corresponding indexed diffraction 
pattern in (b) looking down the [110] growth axis. (c) HRTEM image showing the 
crystallinity of the NW with resolved lattice fringes of Si (-111).
17
 
 
2.2.2.2 Scanning Transmission Electron Microscopy 
 STEM is an important tool in the characterisation of nanomaterials, allowing 
for the analysis of a materials elemental composition with atomic level resolution.
18
 
Typically, STEM is a TEM, which has been, equipped with additional scanning 
coils and detectors that specifically record the scattered electrons. The STEM mode 
of a TEM uses the electron lenses to form a small, focussed beam, which is scanned 
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across the sample in a similar manner to the SEM (section 2.2.1). STEM differs 
from SEM in that it is used in conjunction with a thin sample so that the 
transmission modes of imaging remain applicable.
19
 The scattered electrons are then 
collected at different angles by a series of detectors. The angle at which the 
electrons are scattered is determined by the atomic number of the elements that 
make up the sample, with higher atomic number materials having stronger 
scattering power.  
In the TEM, the objective lens below the sample allows electrons of 
different energies to be focussed at different focal positions, leading to a loss of 
resolution and contrast in the resultant image (chromatic aberration). However, 
STEM does not require this lens, meaning that there is no defocussing experienced, 
making it possible for the imaging of thicker samples of the order of a few microns 
in comparison to 0.5 micron for the TEM.
14,20
 
The simultaneous use of multiple detectors in STEM, allows the user to 
garner a wide range of information about the sample, from each scan. DF-STEM 
images are generated from the detection of elastically scattered electrons that travel 
close to the atomic nuclei in a crystalline sample. The Bragg scattered electrons can 
be excluded by the DF detector by increasing the inner radius of the detector.
21,22
 
The dark field signal is proportional to the atomic number (Z) of the material as 
well as to the density and thickness of the sample making the identification of 
materials within a sample much easier, compared to the TEM, whereby, higher 
atomic number materials appear brighter, while lower atomic number elements 
appear darker.
18
 BF imaging in STEM is obtained through the detection of electrons 
which have either not been scattered at all or have been inelastically scattered 
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through very small angles of milliradians or less.
18
 As an addition to the Z-contrast 
imaging obtained through DF mode, simultaneous BF imaging offers the advantage 
of providing information on the location of lighter elements which are not clearly 
identifiable in DF imaging.
23
 
Figure 7 shows simultaneously acquired DF-STEM and BF-STEM images 
of an axial Si-Ge hNW. Due to Z-contrast imaging, the difference between the Si 
and Ge sections is more clearly evident in the DF image in (a) where the Ge section 
appears much brighter than the Si section, compared to the BF image in (b), where 
the Ge section is darker. 
 
Figure 7. Contrast differences observed in DF-STEM and BF-STEM imaging (a) 
High angle annular DF-STEM image of an axial Si-Ge hNW with the 
corresponding BF-STEM image in (b).
6
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2.2.3 Elemental Dispersive X-ray Analysis 
 The ability to identify the different materials within a sample, as well as 
their respective locations, is of great importance in the analysis of nanomaterials, 
making EDX an invaluable tool. EDX detectors can be used in conjunction with 
SEM, TEM and STEM and allow the user to determine the chemical composition of 
the sample under investigation. When the electron beam of the SEM/TEM/STEM 
interacts with the sample, X-rays are emitted which are unique to the different 
materials present, providing qualitative information about the sample. A variety of 
EDX measurements can be performed, ranging from elemental maps, to line scans, 
to point analysis depending on the information required by the user.  
EDX is also useful in the quantitative analysis of a sample through the 
comparison of the spectrum with standard reference samples. When certain 
considerations are taken into account, which are dependent on the sample under 
investigation, this can allow for the confirmation of the quantity (atomic % or 
weight %) of each element present in a sample, with a high degree of accuracy. An 
important point to consider when performing this type of analysis, is that the 
accelerating voltage (measured in kV) of the SEM/TEM/STEM should be greater 
than twice the highest excitation energy of the elements present in the sample, to 
allow for sufficient intensities to be obtained.
8,9
 
Elemental mapping and line scans in TEM/STEM are particularly useful in 
the analysis of chemical junctions within a sample, which is vitally important in the 
examination of hNWs, as precise locations of the different materials can be 
identified.
24
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Elemental mapping performed on a Au/Al seeded Si-Ge hNW is shown in 
Figure 8, with the presence of Au and Al confirmed in the seed, while it can also be 
noted that there is quite an abrupt interface between the Si and Ge regions of the 
NW. 
 
Figure 8. Elemental mapping performed on a Au/Al seeded Si-Ge axial hNW. 
(a) Bright field TEM image of the NW under investigation. (b) – (e) STEM EDX 
elemental maps of Al, Si, Ge and Au.
25
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Figure 9 (a) shows a DF-STEM image of a Au seeded Si1-xGex hNW with 
the corresponding EDX line scan in Figure 9 (b) showing the precise location at 
which the NW composition changes from pure Si to Si1-xGex. 
 
Figure 9. (a) HAADF STEM image of a Au seeded Si-Si1-xGex hNW with clear 
contrast differences (Au seed is brighter than the Si1-xGex region which is brighter 
than the Si region) observed due to Z-contrast imaging. (b) Line profile taken across 
the Si-Si1-xGex interface showing the presence of both Si and Ge in the Si1-xGex 
region.
25
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2.2.4 Electron Energy Loss Spectroscopy 
EELS is another useful tool in the analysis of nanomaterials as similarly to 
EDX, it allows the user to determine the chemical composition of the material under 
examination. Although EDX is seen as a more user-friendly technique, it is 
typically more suitable for the analysis of heavier elements. EELS, while more 
difficult to use, is beneficial in the detection of lighter elements within a sample 
(particularly C – Zn), with the additional advantage of offering atomic level spatial 
resolution, in favourable conditions.
26
 When the electron beam (which typically has 
a kinetic energy of 100 – 300 keV) is focussed on a specific area of the sample, it 
will undergo inelastic scattering causing a change in the kinetic energy of the 
transmitted electrons.
26
 This loss in kinetic energy gives an ionisation edge, which 
is characteristic to a particular element, allowing the user to identify the 
composition of the sample under investigation. EELS analysis has proven to be 
beneficial in the study of axial Si-Ge hNWs for the determination of the interfacial 
abruptness between the materials, as shown in Figure 10. Here, atomic resolution 
EELS analysis was performed across a defected area of a Sn seeded Si-Ge axial 
hNW, with the determination of the transition from pure Si to pure Ge occurring 
over a distance of approximately 4 nm. 
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Figure 10. Interfacial abruptness determination of a Sn seeded Si-Ge hNW. 
(a) HAADF image of the Si-Ge interface under examination. (b) HAADF intensity 
profile and EELS line scan taken along the arrow in (a).
6
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2.2.5 X-ray Diffraction 
XRD is a non-destructive technique, which can be used to gather a broad 
range of information about a crystalline material including, crystal structure and 
phase identification, structural properties, strain, grain size, phase composition, 
thermal expansion and thin film thicknesses.
27
 XRD was discovered by Max von 
Laue in 1912 when he noted that an incident beam of X-rays were diffracted in 
many specific directions by a crystalline substance, which he suggested acted as 
three dimensional diffraction gratings.
28,29
 Following on from this discovery, in 
1913 William Bragg developed a relationship connecting the resultant X-ray 
scattering with reflections from evenly spaced parallel planes of atoms within the 
crystal lattice. This observed scattering is based on constructive interference 
between the incident X-ray waves and parallel planes of atoms in a crystalline 
sample when Bragg’s Law, nλ = 2d Sinθ, is satisfied, where λ is the wavelength of 
the incident X-rays in nm, d is the lattice spacing and θ is the diffraction 
angle.
27,29,30
 
Figure 11 shows the schematic of the operation of a typical XRD. X-rays are 
electromagnetic waves, which have a wavelength of about 0.1 nm. This wavelength 
is similar in size to the spacing between atom planes of a crystalline structure. 
When the incident X-rays, generated by a cathode ray tube (source), pass between 
the atoms they are diffracted and these diffracted rays are then collected at the 
detector. The source and detector move throughout the scan, therefore allowing for 
the detection of these diffracted rays over a range of angles. Each angle is 
associated with a specific set of planes (hkl) so if λ is known and θ measured, a set 
of values of dhkl can be calculated. Diffraction can occur whenever the Bragg law: 
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λ = 2dhklsinθ is satisfied, but this means that with a random setting of a single 
crystal in a beam of X-rays, the probability of producing any diffracted beam is 
quite small. In order to satisfy Bragg’s Law, λ or θ should be continuously varied. 
The resulting XRD pattern can be compared to reference data in order to determine 
the exact composition of the crystal and to identify the crystal phases. 
 
 
Figure 11. Schematic representation of a typical SEM with the different 
components labelled.
31
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An example of an XRD pattern obtained for Si NWs catalysed by an 
evaporated In layer on a glass substrate with peaks observed for cubic Si, cubic 
In2O3 and tetragonal In is shown in Figure 12. 
 
Figure 12. XRD pattern obtained for Si NWs grown from a thermally evaporated 
layer of In on glass, with peaks for cubic Si, cubic In2O3 and tetragonal In.
3
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2.2.6 Electrochemical Analysis 
2.2.6.1 Test Cell 
Electrochemical analysis was performed in a two electrode Swagelok type 
cell. Figure 13 shows the typical test cell structure consisting of a cylindrical Teflon 
body with an inner diameter of 13 mm. Within this cell a Li counter electrode and a 
working electrode are separated by a porous, polyethylene separator, soaked in 
electrolyte. T-shaped stainless steel plugs are inserted at either end and are held in 
place by stainless steel caps, which are screwed on over the Teflon body. 
 
Figure 13. Schematic of the Swagelok cell used for electrochemical analysis.
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2.2.6.2 Galvanostatic Charge and Discharge Cycling 
Galvanostatic cycling consists of applying a constant current to an 
electrochemical system, with the rate typically expressed as the C-rate. The 1C rate 
refers to the current required to fully charge or discharge all of the active material in 
a working electrode within one hour. This rate is calculated by obtaining the 
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product of the theoretical capacity of the active material and the mass of the active 
material as follows: 
1𝐶 𝑅𝑎𝑡𝑒 =  
𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑥 𝑀𝑎𝑠𝑠 𝑜𝑓 𝐴𝑐𝑡𝑖𝑣𝑒 𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙
1 ℎ𝑜𝑢𝑟
 
Galvanostatic tests were carried out at multiples or divisors of the 1C rate. For 
example, if the rate is set to C/5, the active material will charge or discharge in 5 
hours with the rate calculated by dividing the 1C rate by 5. 
 Typical Galvanostatic charge/discharge experiments are conducted by 
initially applying a negative current to the system, causing lithiation of the active 
material, resulting in a drop in the measured potential. Upon reaching the lower 
cut-off for the potential, the applied current is reversed causing delithiation until the 
potential reaches the upper limit. This process is repeated for a specified number of 
cycles. The charge and discharge capacities can then be plotted against the cycle 
number.  
Differential capacity plots (DCPs) can be plotted through the use of the 
information obtained during Galvanostatic charge/discharge cycling. These DCPs 
can be used to determine whether the materials within the electrode are cycling by 
identifying peaks for the lithiation/delithiation phases of each material. 
Galvanostatic cycling is also useful in the determination of the rate capability of an 
electrode. This can be determined by varying the C-rate while cycling and 
monitoring the corresponding changes in the charge and discharge capacities. 
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Chapter 3: Simultaneous Vapour-Liquid-Solid and 
Solution-Liquid-Solid Growth of Si-Ge Axial 
Heterostructure Nanowires and their Li-Ion Battery 
Application 
Status: Publication in Progress 
 
3.1 Abstract 
Here, we present the synthesis of silicon-germanium axial heterostructure 
nanowires in a wet chemical, solution synthesis approach. The setup consists of a 
long necked flask with a high boiling point solvent heated above its liquid-vapour 
transition point, resulting in the presence of both a liquid zone and a vapour zone at 
temperatures above the solvents boiling point. We show that we can achieve 
growth of these nanowires simultaneously on substrates located in the solvent 
vapour and solvent liquid regions of the flask. Growth in the vapour zone occurs by 
the VLS mechanism whereas in the liquid zone it is through the SLS mechanism 
with this being the first report where both can occur simultaneously in a batch 
synthesis. We show the distinct regions of VLS or SLS growth can occur on the 
same substrate consisting of a thermally evaporated layer of Sn on stainless steel 
that is exposed to both reaction zones. The evaporated layer is converted to discrete 
Sn catalyst particles during the thermal anneal. Alternatively, pre-formed Sn 
nanoparticles can be added to the liquid medium prior to synthesis to allow for 
non-substrate bound nanowire growth. The growth of these nanowires in solution is 
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made possible through two different modifications to the typical growth protocol, 
1) through the addition of excess silicon precursor and 2) through the addition of a 
reducing agent to the reaction vessel. Electrochemical analysis was carried out on 
these Si-Ge hNWs to assess their suitability for use as anodes in a Li-ion battery 
and ex-situ SEM and TEM analysis were performed to examine the effects of Li 
cycling on the nanowire material. 
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3.2 Introduction 
Group IV semiconductor (Si and Ge) nanowires (NWs) have received a lot 
of research interest in recent years due to their broad range of potential device 
applications, such as in electronics (transistors), optoelectronics (photovoltaics) and 
energy storage (Li-ion batteries).
1-5
 Research into these materials has since 
progressed towards the synthesis of more complex structures such as Si/Ge 
heterostructure nanowires (hNWs), which can harness and exploit, for a range of 
applications, the different lattice spacing, electronic conductivities, lithium 
diffusivity and lithium storage capacities of both materials in a single construct. 
Radial and axial hNWs have both been successfully synthesised, typically through 
the use of gaseous growth approaches, such as molecular beam epitaxy,
6
 laser 
ablation
7
 and chemical vapour deposition.
8
 The growth of these structures have 
typically occurred through the vapour-liquid-solid (VLS) growth mechanism, 
whereby a vapour (V) semiconductor source interacts with a liquid (L) seed and a 
solid (S) NW nucleates.
9
 While these approaches have allowed for the production 
of these complex structures, the equipment involved is expensive and the quantities 
of NWs yielded are typically quite low.
10
 As the ability to produce these structures 
in high yield, while maintaining low production costs is important for their 
integration into device applications, interest in solution approaches has intensified. 
While advances have been made in the solution synthesis of bound and non-bound 
elemental Si and Ge NWs using both the supercritical fluid approach
11-13
 and 
colloidal based approaches,
14-16
 the ability to synthesise more complex hNWs 
within these systems has not been realised. The solvent vapour growth (SVG) 
system, developed by our group, offers the advantages of both liquid and gaseous 
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systems, with a refluxing high boiling point solvent (HBS) allowing for a saturated 
solvent vapour growth zone that allows liquid delivery of precursors. This 
approach has enabled the synthesis of substrate bound Si and Ge NWs and 
self-catalysed Ge NWs via the VLS and VSS growth mechanisms.
17-19
 Recently, 
the SVG system has allowed for the synthesis of single element Sn seeded Si and 
Sn seeded Ge NWs, through the VLS growth mechanism.
20
 The application of 
these NWs in a Li-ion anode was investigated, with promising capacities obtained 
for each (Sn-Si 1078 mAh/g and Sn-Ge 1000 mAh/g) after 50 cycles.  
Si-Ge axial hNWs have typically been catalysed with Au, through the VLS 
growth mechanism but as it is a high solubility catalyst (18.6 % Si at 363 °C and 
28 % Ge at 361 °C), it produces a “reservoir effect”, resulting in diffuse interfaces 
being formed between the Si and Ge segments.
7,21-23
 For the integration of these 
hNWs into semiconductor device applications in particular, the production of 
abrupt interfaces between the semiconductor materials is essential.
24,25
 Wen et al.
26
 
and Chou et al.
27
 were successful in the reduction of the solubility of the catalyst 
material with Si and Ge by using Au/Al and Au/Ag alloy seeds, respectively, in 
combination with switching the growth mechanism from the faster growth rate 
VLS to the slower growth rate VSS mechanism. The Picraux group have since 
been able to maintain the fast VLS growth rate by alloying Au with Ga, allowing 
for a reduction of the reservoir effect, due to Ga being a low solubility catalyst.
28
 
However, the ability to produce these hNWs using a low solubility catalyst (< 1 %) 
alone offers the potential for the production of more abrupt interfaces between the 
Si and Ge materials. Recently, Sn seeded Si-Ge hNWs were synthesised via the 
VLS growth mechanism within the SVG system with atomically abrupt interfaces 
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between the Si and Ge segments. For the growth of these NWs, a Si precursor, 
phenylsilane (PS), is first injected into the flask enabling the growth of Si 
segments. Following a specific growth time, the Ge precursor, a 
triphenylgermanium hydride (TPG) and squalane mixture, is injected into the flask. 
Due to phenyl-redistribution,
29-31
 when the TPG is combined with PS, the reduction 
of TPG to Ge occurs rapidly and a pure Ge segment is formed. Comparably abrupt 
interfaces have since been observed with In as the catalyst, using the same growth 
protocol.
32
 
Here, we present the first report of Si-Ge axial hNW growth via the 
solution-liquid-solid growth mechanism, using a Sn catalyst, through a 
modification of the previously reported SVG synthetic protocol.
33
 A typical Si-Ge 
hNW reaction allows for the high density growth of these NWs in the vapour phase 
of the HBS medium with a by-product of long, solution grown, seeded Ge NWs. 
We show that through a sequential Si precursor injection, Si-Ge hNWs can also be 
grown, in high density, in solution, instead of the long Ge NWs, making use of 
both the solvent vapour and solvent liquid regions of the HBS. We also show that 
this simultaneous VLS and SLS growth of Si-Ge hNWs can be achieved by 
increasing the reactivity of the Si precursor through a sequential injection of a 
reducing agent, LiBH4, without the requirement for excess Si precursor. The 
synthetic protocol is sufficiently versatile to allow for the solution synthesis of 
these hNWs using pre-formed Sn NPs, resulting in smaller diameter, non-bound 
hNWs. While Si,
4,34
 Ge
5,35
, Si-Ge alloy
36
 NWs have previously been investigated 
for use as anode materials in a Li-ion anode battery, to the best of our knowledge, 
axial Si-Ge hNWs have not been investigated for this, even though they offer 
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potential benefits of both Si and Ge in a single NW structure. Therefore, the 
electrochemical potential of these hNWs as a Li-ion anode was investigated, with 
capacities of approximately 1380 mAh/g achievable after 50 cycles. The effects of 
Li cycling on the structure of the hNW anodes were examined, through ex-situ 
SEM and TEM analysis.  
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3.3 Experimental 
Chemicals Used 
All chemicals were used as received unless otherwise stated. The high 
boiling point solvent squalane (99 %), TPG, lithium borohydride solution (2.0 M in 
THF), tin(II) acetate (Sn(C2H3O2)2, poly(vinyl pyrrolidone) (PVP) (Mw~55,000), 
1,5-pentanediol and sodium borohydride (NaBH4) were received from 
Sigma-Aldrich. PS (98 %) was received from Fluorochem. PS, TPG and LiBH4 
were stored and dispensed from an argon filled glovebox. 
Evaporated Substrate Preparation 
Sn substrates were prepared by evaporating 25 nm of 99.999 % Sn (Kurt J. 
Lesker) in a glovebox based evaporation unit, onto stainless steel substrates. The 
substrates were stored in an Ar glovebox prior to reactions and contact with O2 was 
kept to a minimum. After synthesis, the substrates were rinsed with toluene to 
remove excess HBS and dried using a nitrogen line. No additional cleaning steps 
were required. 
Sn Nanoparticle Preparation 
The Sn NPs were synthesised using a previously reported procedure as 
follows.
37
 In a typical synthesis of Sn NPs, 144 mg of Sn(C2H3O2)2, 1.69 g of PVP 
and 20 mL of 1,5 pentanediol were mixed together and loaded into a three neck 
flask. This mixture was evacuated under vacuum for 30 min and refilled with 
Argon. This mixture was heated to 120 °C. 231 mg of NaBH4 was added with 
6 mL of 1,5-Pentanediol and sonicated for 5 min. NaBH4 was introduced into the 
reaction mixture at 120 °C and upon addition, the colour changed immediately to 
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dark brown indicating the formation of Sn NPs. It was further reacted for 10 min 
and the heating mantle was removed. At room temperature, this entire reaction 
mixture was transferred into a vial and stored in a glove box to avoid oxidation. 
Ligand exchange with oleic acid for dispersion in squalane: 0.2 ml of dark 
brown reaction mixture was added with 2 mL of hexane, 4 mL octadecene and 
0.4 ml of oleic acid. This was shaken well and centrifuged at 5000 rpm for 5 min. 
The bottom colourless layer was discarded and the brown top layer containing Sn 
NPs was recovered. This step was repeated and the brown solution was again 
recovered. 4 ml of acetone was added to the brown solution and this was 
centrifuged at 5000 rpm for 5 min. The acetone was then discarded and the Sn NPs 
were dispersed in 10 ml of squalane. 
General Reaction Setup  
Reactions were carried out in a custom-made Pyrex round bottomed flask 
containing 10 ml of squalane. The growth substrates were placed vertically in the 
flask, which was attached to a Schlenk line setup via a water condenser. This was 
then ramped to a temperature of 125 °C using a three-zone furnace. A vacuum, of 
at least 100 mTorr, was applied for 1 h to remove moisture from the system. 
Following this, the system was purged with Ar. The flask was then ramped to the 
reaction temperature under a constant Ar flow. A water condenser was used to 
control the HBS reflux and ensure that the reaction was kept under control. At the 
correct reaction temperature, the precursor was injected, through a septum cap, into 
the system and the reaction was allowed to proceed for the given growth time. To 
terminate the reaction, the furnace was opened and the setup was allowed to cool to 
room temperature before removing the NW coated substrates. 
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Note: For each reaction variation, the total Si reaction time was 45 min, 
while the total Ge reaction time was 10 min. 
Typical Si-Ge hNW growth 
The general reaction setup was followed, with PS being injected at 460 °C 
and allowed to react for 45 min. The furnace was then ramped down to a 
temperature of 430°C and allowed to stabilise before TPG was injected and 
allowed to react for 10 min. The reaction was terminated as above and allowed to 
cool to room temperature before removing the substrate. 
Si-Ge hNW growth using Excess Si Precursor 
The general reaction setup was followed, with PS being injected at 460 °C. 
After 20 min, a subsequent 0.5 ml of PS was injected into the flask and this was 
allowed to react for a further 25 min. The furnace was then ramped down to a 
temperature of 430°C and allowed to stabilise before 0.4 ml of the TPG mixture 
was injected and allowed to react for 10 min. The reaction was terminated as above 
and allowed to cool to room temperature before removing the substrate.  
Note: 0.4 ml of the TPG mixture was used to offset the increased quantity 
of PS. 
Si-Ge hNW growth using the Reducing Agent (LiBH4) 
The general reaction setup was followed, with PS being injected at 460 °C. 
After 5 min, 0.05 ml of a LiBH4 mixture (LiBH4:squalane (1:1) v/v) was injected 
and this was allowed to react for another 40 min. The furnace was then ramped 
down to a temperature of 430°C and allowed to stabilise before 0.4 ml of the TPG 
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mixture was injected and allowed to react for 10 min. The reaction was terminated 
as above and allowed to cool to room temperature before removing the substrate.  
Note: 0.4 ml of the TPG mixture was used to offset the increased reactivity 
of PS. 
Analysis 
SEM analysis was performed on a Hitachi SU-70 system operating between 
3 and 20 kV. The substrates were untreated prior to SEM analysis. For TEM 
analysis, the NWs were removed from the growth substrates through the use of a 
sonic bath. The evaporated layer catalysed NWs and the Sn NP catalysed NWs 
were washed in a toluene and ethanol mixture, centrifuged for 10 min at 4000 rpm 
and then immersed in toluene. TEM analysis was conducted using a 200 kV JEOL 
JEM-2100F field emission microscope equipped with a Gatan Ultrascan CCD 
camera and EDAX Genesis EDS detector. TEM/STEM/EDX analysis of the NWs 
was conducted on Cu TEM grids. XRD analysis of the NP catalysed material was 
performed by drop-casting the solution onto a glass substrate and analysis was 
conducted using a PANalytical X’Pert PRO MRD instrument with a Cu Kα 
radiation source (λ = 1.5418 Å) and an X’celerator detector. 
Electrochemical Measurements 
The electrochemical performance was evaluated by assembling two electrode 
Swagelok type cells in an Ar filled glovebox. The cells consisted of the 
substrate-bound Sn seeded Si-Ge hNWs as the working electrode, Li foil as the 
counter and reference electrode, a porous polyethylene separator, and an electrolyte 
solution of 1 M LiPF6 in ethylene carbonate/dimethyl carbonate (EC/DMC) 
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(1:1 v/v) + 3wt % vinylene carbonate (VC). The measurements were carried out 
galvanostatically using a Biologic MPG-2 in the potential range of 0.01 V − 1 V 
versus Li/Li
+
. The mass of the Sn-Si-Ge hNWs was determined through careful 
measurement using a Sartorius Ultra-Microbalance SE2 (repeatability ± 0.25 μg), 
in conjunction with EDX analysis.  
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3.4 Results and Discussion 
The synthetic protocol used for the simultaneous VLS and SLS syntheses of 
Si-Ge hNWs is outlined in Figure 1. Here, a long neck, round bottomed flask 
containing the HBS squalane as well as the growth catalyst (evaporated Sn on 
stainless steel substrates/Sn NPs), is connected to a schlenk line, via a water 
condenser. The typical Si-Ge hNW reaction is depicted in Figure 1 (a), with the 
resulting structures being Si-Ge hNWs on the section of the substrate in the solvent 
vapour and long Ge NWs on the section of the substrate in the solvent liquid. For 
this reaction, at 460 °C, 0.75 ml of the liquid precursor, PS, is injected into the 
reaction flask. Following the given growth time of 45 min, the reaction temperature 
is reduced to 430 °C and 0.25 ml of a TPG mixture (TPG:squalane (1:1) w/v) is 
sequentially injected and the reaction is allowed to continue for an additional 
10 min. This reaction can be modified in two different ways in order to obtain 
Si-Ge hNWs in both the solvent vapour and solvent liquid, as shown in 
Figure 1 (b). For both modifications, an initial injection of 0.75 ml PS at 460 °C is 
performed as per the typical reaction. However, for method (i), 20 min after the 
initial PS injection a subsequent 0.5 ml of PS is injected. This is allowed to react 
for another 25 min before the temperature is reduced to 430 °C and 0.4 ml of the 
TPG mixture is injected with the reaction being quenched after 10 min. For 
method (ii), following the initial PS injection, 0.05 ml of a LiBH4 mixture 
(LiBH4:squalane (1:1) w/v) is injected after 5 min. This continues to react for 
another 40 min before the temperature is reduced to 430 °C and 0.4 ml of the TPG 
mixture is injected for a 10 min growth time. The growth times of 45 min total for 
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Si and 10 min total for Ge were employed to allow for consistency and therefore 
direct comparisons to be made between the three different protocols. 
 
Figure 1. Schematic outlining the reaction protocol for Si-Ge hNW growth. 
(a) The resultant NWs obtained in a typical Si-Ge reaction, consisting of one PS 
injection and one TPG injection, with VLS grown Si-Ge hNWs and SLS grown Ge 
NWs. (b) The resultant NWs obtained in the modified Si-Ge reactions, consisting 
of (i) two PS injections and one TPG injection or (ii) one PS injection, one LiBH4 
injection and one TPG injection, with both VLS and SLS grown Si-Ge hNWs 
produced. 
 
The NW products obtained for the typical Si-Ge hNW reaction, outlined in 
Figure 1 (a), are shown in Figure 2 (a-c) for the solvent vapour material and 
Figure 2 (d-f) for the solvent liquid material. The SEM image in Figure 2 (a) shows 
the high density growth of Si-Ge hNWs, while the DF-STEM image in (b) and 
corresponding EDX line scan in (c), show the purity of the segments, with a sharp 
transition observed at the Si-Ge interface. Figure 2 (d) shows an SEM image of the 
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long Sn seeded Ge NWs obtained in the solvent liquid, as the by-product of the 
Si-Ge reaction. The DF-STEM image and corresponding line scan in Figure 2 (e) 
and (f) respectively, confirm that the NWs are composed of elemental Ge, with 
non-zero signals for Si and Sn observed in the NW. This non-zero signal for Si 
suggests the presence of an amorphous Si coating on the Ge NW which is 
consistent with other reports of the mixing of PS with diphenylgermane (DPG) for 
the production of Ge NWs.
30,31
 
 
Figure 2. SEM, DF-STEM and EDX analysis of the VLS and SLS grown materials 
for a regular Si-Ge reaction. (a) SEM image of the Si-Ge hNWs grown in the 
vapour region of the HBS. (b) DF-STEM image of a Si-Ge hNW with 
corresponding EDX line scan in (c) showing the abruptness of the Si-Ge and Ge-Sn 
interfaces. (d) SEM image of the Ge NWs grown in the solution region of the HBS. 
(e) DF-STEM image of long Ge NWs, with corresponding EDX line scans, taken 
along the orange and purple arrows, both represented on the same graph in (f), 
distinguished by the orange and purple squares. 
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While Si-Ge hNW growth via the VLS mechanism is possible within the 
SVG system, we investigated the ability to modify the reaction protocol to enable 
hNW growth in solution, via the SLS mechanism, as a means of utilising both the 
solvent vapour and solvent liquid regions of the HBS in a single reaction setup. 
Figure 3 depicts the products in the solvent vapour and solvent liquid for the 
modified Si-Ge hNW reaction, depicted in Figure 1 (b) (i), where excess Si 
precursor is added to the reaction flask. SEM and DF-STEM analysis of the VLS 
grown material is shown in Figure 3 (a) and (b). The purity of both the Si and Ge 
segments for this reaction was confirmed through EDX analysis, shown in Figure 3 
(c). Upon analysis of the SLS grown material, it was found that Si-Ge axial hNWs 
were produced, as shown in the SEM image in Figure 3 (d). DF-STEM and EDX 
analysis, shown in Figure 3 (e) and (f) confirm the purity of both the Si and Ge 
segments. As Si growth in the solvent liquid (SLS) only occurs upon the second Si 
precursor injection, the growth time for this segment is less than that for the solvent 
vapour (VLS) Si segment, therefore, a shorter Si segment length is produced. 
However, the Ge segment lengths for both the VLS and SLS hNWs are consistent 
with each other and with those observed for the typical VLS grown Si-Ge hNWs 
shown in Figure 2 (a) and (b). 
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Figure 3. SEM, DF-STEM and EDX analysis of the VLS and SLS grown materials 
for a Si-Ge reaction with a sequential PS injection. (a) SEM image of the Si-Ge 
hNWs grown in the vapour region of the HBS. (b) DF-STEM image of a Si-Ge 
hNW with corresponding EDX line scan across the Si-Ge interface in (c). (d) High 
magnification SEM image of the Si-Ge hNWs grown in the solution region of the 
HBS. (e) DF-STEM image of the Si-Ge hNWs with the corresponding EDX line 
scan in (f). 
 
Simultaneous VLS and SLS Si-Ge hNW growth can also be achieved 
through the sequential injection of a reducing agent (LiBH4) to the reaction flask, 
in place of the additional PS injection. Upon addition of the reducing agent, the 
reactivity of the silicon precursor increases, resulting in excess silane being 
produced in the flask. SEM images of the vapour and solution grown materials are 
shown in Figure 4 (a) and (d) respectively. From the contrast differences in the 
DF-STEM images in Figure 4 (b) and (e) it is clear that hNWs have been produced, 
with the corresponding EDX line scans in Figure 4 (e) and (f) confirming the purity 
of both the Si and Ge segments. The Si segment lengths for this reaction, for both 
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the VLS and SLS grown material, are longer than those observed for the excess Si 
reaction, shown in Figure 3. This suggests a dramatic increase in the Si precursor 
reactivity. Conversely, the Ge segments for this reaction are much shorter than 
those observed in Figure 3 suggesting a reduction in the reactivity of the Ge 
precursor. This is most likely attributed to less PS being available for the TPG to 
react with, as it has been decomposed more efficiently by the reducing agent. 
 
Figure 4. SEM, DF-STEM and EDX analysis of the VLS and SLS grown materials 
for a Si-Ge reaction with the addition of the reducing agent. (a) SEM image of the 
Si-Ge hNWs grown in the vapour region of the HBS. (b) DF-STEM image of a 
Si-Ge hNW with corresponding EDX line scan in (c) showing the abruptness of the 
Si-Ge and Ge-Sn interfaces. (d) SEM image of the Si-Ge hNWs grown in the 
solution region of the HBS. (e) DF-STEM image of a Si-Ge hNW with the 
corresponding EDX line scan in (f). 
 
The synthesis of these Si-Ge hNWs was extended to the use of Sn NPs as 
the catalyst, to enable the formation of non-bound hNWs, through the use of the 
excess PS injection modification. The growth of these Sn NP seeded hNWs occurs 
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exclusively in solution, via the SLS growth mechanism, due to the NPs being 
dispersed in the HBS. The use of Sn NPs, rather than an evaporated Sn layer, 
additionally allows for consistently smaller hNW diameters to be achieved. Figure 
5 (a) and (b) show representative hNWs for the Sn NP catalysed Si-Ge reaction, 
with the diameters of both NWs being approximately 30 nm. The EDX line scans 
in Figure 5 (c) and (d), taken along the orange and purple arrows in (b) 
respectively, show the abrupt nature of both the Sn-Ge interface and the Si-Ge 
interface, comparable to those of the evaporated layer. 
 
Figure 5. TEM, DF-STEM and EDX analysis of SLS grown Si-Ge hNWs 
catalysed using Sn NPs. (a) and (b) TEM and DF-STEM images of Sn NP seeded 
Si-Ge hNWs. (c) and (d) EDX line scans corresponding to the orange and purple 
arrows in (b), respectively. 
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A HRTEM image of a Sn NP seed is shown in Figure 6 (a), with the 
corresponding FFT in Figure 6 (b), indexed for tetragonal Sn. Figure 6 (c) shows 
the XRD pattern obtained for the as-synthesised material, drop-cast directly onto a 
glass substrate, with peaks consistent for tetragonal Sn (space group I41/amd), 
cubic Si (space group Fd3̅m) and cubic Ge (space group Fd3̅m). 
 
Figure 6. (a) HRTEM image of a Sn seed for the Sn NP catalysed Si-Ge hNWs 
with the corresponding FFT indexed for tetragonal Sn in (b). (c) XRD pattern 
obtained for the Sn NP seeded Si-Ge hNW material, drop-cast on a glass slide.  
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The electrochemical potential of the Sn seeded Si-Ge hNWs was 
investigated to determine their potential for use as the anode of a Li-ion battery. 
The presence of both Si and Ge in the anode material should show benefits from 
both, including the higher stability of Ge while cycling as well as the higher 
potential capacity of Si. Figure 7 shows the differential capacity plots for the 5
th
 
and 50
th
 cycles of the Sn-Si-Ge hNWs. The main charging peaks for the 5
th
 cycle of 
this material are consistent with peaks previously reported for the cycling of Sn, Si 
and Ge.
20,38
 However, there is a masking effect on the DCP due to the peaks for 
each material occurring quite close to each other, with charging peaks consistent 
for Sn at 0.63 V, 0.5 V and 0.39 V, for Ge at 0.36 V, for Si at 0.23 V and a 
potentially merged peak for Si and Ge at approximately 0.09 V. The main 
discharge peaks observed for each material are as follows, Si (0.3 V), 
Sn (0.46 V, 0.61 V, 0.74 V and 0.82 V) and Ge (0.52 V). While the plot for the 50
th
 
cycle shows the disappearance of some of these peaks due to the merging of peaks 
as the anode material forms an alloy, charge/discharge peaks for each material still 
remain, showing the ability of the Sn, Si and Ge to continue to be Li active 
following extended cycling. Charging peaks at 0.23 V and 0.09 V, with a small 
peak observed at 0.39 V correspond to the presence of Si, Si and/or Ge and Ge 
respectively, while the discharge peaks at 0.23 V, 0.5 V and 0.61 V correspond to 
peaks for Si, Ge and/or Sn and Sn, respectively. 
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Figure 7. Differential capacity plots for the 5
th
 and 50
th
 cycles of the Sn seeded 
Si-Ge hNWs, showing peaks for Sn, Si and Ge. 
 
Extended galvanostatic charge/discharge experiments were performed on 
the Sn seeded Si-Ge hNWs (Figure 8) at a rate of C/5 for 50 cycles. The masses of 
the entire Li-active anode material (NW masses and catalyst masses) were taken 
into account when calculating the capacity figure for the plot shown, with the mass 
ratios of Sn:Si:Ge for this hNW anode being 1.3:1.38:1. The Sn-Si-Ge hNW 
material shows a capacity of 1380 mAh/g after 50 cycles and high Coulombic 
efficiencies of 97.7 %. These values for the capacity and Coulombic efficiencies 
show an increase over those previously observed for both Sn-Si NW anodes and 
Sn-Ge NW anodes.
20
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Figure 8. Plot of charge/discharge capacities and Coulombic efficiencies for a 
Sn-Si-Ge hNW electrode, cycled at a rate of C/5. 
 
The rate capability of the Sn-Si-Ge hNWs was performed by 
charging/discharging the anode for 5 cycles each at rates of C/10, C/5, C/2, C, 2C, 
10C and back to C/10. From the plot in Figure 9 (a) it can be observed that the 
material returns almost entirely to its original discharge capacity. At the high C rate 
of 10C, the anode material exhibits capacities of over 580 mAh/g which is over 
200 mAh/g greater than the capacities observed for the conventional anode 
material, graphite (372 mAh/g). Figure 9 (b) shows the relative percentage plot for 
the discharge capacities shown in Figure 9 (a), with the material returning to 95 % 
of its initial discharge capacity. 
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Figure 9. Rate capability performance of the Sn seeded Si-Ge hNW electrodes 
cycled in the voltage range of 0.01−1.0 V. (a) The charge and discharge capacities 
are shown for an electrode that was charged and discharged at rates of C/10, C/5, 
C/2, C, 2C, 5C, 10C and then back to C/10. (b) Discharge capacity retention (%) 
plot with the material retaining a significant percentage (95 %) of its original 
discharge capacity.  
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Ex-situ SEM analysis was performed on a number of the hNW anodes after 
a specific number of cycles, in order to ascertain the effect of cycling on the 
morphology of the NWs. Figure 10 shows the SEM images for anodes following 
cycling for 1, 5, 10 and 50 cycles. After 1 charge/discharge cycle, shown in 
Figure 10 (a), with higher magnification image in Figure 10 (b), the hNWs retain 
their typical morphology, with the Sn seed and Si and Ge segments distinguishable 
from the contrast differences in the images. However, there is significant 
roughening observed to the NWs and the Sn seeds due to the lithiation process with 
the materials becoming amorphous, which has previously been observed following 
the cycling of Si and Ge NWs.
38,39
 Figure 10 (c) and (d) show the structures formed 
after 5 and 10 cycles respectively, where the material appears to merge to form 
larger networks, but general wire like structures can still be seen. After 50 cycles, a 
network of merged material has been formed as shown in Figure 10 (e). However, 
in some areas of the substrate, hNWs which appear to have not cycled are 
observed, as shown in Figure 10 (f), most likely explained by the loss of contact 
between individual hNWs and the current collector before or during the initial 
cycles. 
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Figure 10. SEM images of Sn-Si-Ge hNWs after 1, 5 10 and 50 cycles. (a) and (b) 
Low and high magnification SEM images showing that after 1 cycle the hNWs 
appear to retain their structure, with some roughening of the material observed. 
(c) and (d) Ex-situ SEM images following 5 and 10 cycles respectively, where the 
hNW material has begun to merge. (e) SEM image taken after 50 cycles showing 
the NW material has merged together forming large, porous networks. (f) SEM 
image showing a Si-Ge hNW with original morphology which does not appear to 
have undergone cycling. 
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Figure 11 shows DF-STEM and EDX analysis for a Si-Ge hNW anode after 
1 cycle. The typical product seen on the TEM grid after 1 cycle is shown in 
Figure 11 (a), with the roughening of the Sn seed and Si-Ge hNW more clearly 
visible. The corresponding EDX line scans shown in Figure 11 (b) and (c), taken 
across both the Sn-Ge and Si-Ge interfaces respectively, show that the interfaces 
become more diffuse when compared to the non-cycled materials in Figure 2. 
 
Figure 11. Ex-situ DF-STEM and EDX analysis of a Si-Ge hNW after 1 
charge/discharge cycle. (a) DF-STEM image of a Si-Ge hNW showing a change in 
the morphology of the seed and NW with significant roughening of the material. 
(b) and (c) EDX line scans taken along the purple and orange arrows respectively, 
showing the more diffuse nature of both the Sn-Ge interface and the Si-Ge 
interface. 
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DF-STEM and EDX analysis, shown in Figure 12, were also performed on 
the anodes after charging/discharging for 5 and 50 cycles to confirm the presence 
of Si, Ge and Sn. After 5 cycles, the morphology of the NWs has changed and 
networks consisting of Sn/Si/Ge alloys have formed, as shown in the TEM and 
DF-STEM images in Figure 12 (a) and (b). Elemental mapping performed on this 
network showed that while all three elements are present, they are not spread 
evenly, with some areas being Si rich and some being Ge rich. From the TEM 
image in Figure 12 (f) and inset high magnification TEM image, of the hNW 
material after 50 cycles, it is observed that these networks are made up of 
ligaments. The representative DF-STEM image and corresponding elemental maps 
in Figure 12 (g) to (j), show a more even distribution of the materials, compared to 
that observed after 5 cycles. 
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Figure 12. TEM, DF-STEM and elemental mapping of the Sn-Si-Ge hNWs after 5 
and 50 cycles. (a) TEM image of the material after 5 cycles, with corresponding 
DF-STEM image in (b) and elemental maps for Sn, Si and Ge in (c), (d) and (e) 
respectively. (f) TEM image of the NW material after 50 cycles, with inset 
HRTEM image of the porous ligaments formed. (g) DF-STEM image of the 
material with corresponding elemental maps in (h), (i) and (j) for Sn, Si and Ge 
respectively. 
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3.5 Conclusion 
In conclusion, we have presented the synthesis of Si-Ge axial 
heterostructure nanowires, in high densities, simultaneously via the VLS (in the 
vapour zone of the high boiling point solvent) and SLS growth mechanisms (in the 
liquid zone). Increasing the reactivity of the Si precursor was achieved by two 
methods by two methods; through the sequential injection of more Si monomer or 
by the introduction of a reducing agent. The addition of the reducing agent was the 
most efficient method leading to high density growth of axial nanostructures in 
solution. The production of these complex structures has previously been 
constrained to synthesis via the VLS mechanism, but through the versatility of the 
growth protocol, simultaneous VLS and SLS growth of these structures is possible. 
The viability of the NWs as a Li-ion anode material was investigated and showed 
that the Sn-Si-Ge hNWs demonstrated a stable cycling performance, retaining a 
capacity of 1380 mAh/g, over 50 cycles, nearly four times that of conventional 
graphitic based Li-ion anodes (372 mAh/g). Through ex-situ SEM and TEM 
analysis it was shown that the Sn seeded Si-Ge hNWs form porous networks during 
cycling, with EDX analysis confirming the alloying of the three materials within 
these networks.  
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Chapter 4: Solvent Vapour Growth of Axial 
Heterostructure Nanowires with Multiple Alternating 
Segments of Silicon and Germanium 
This chapter is presented as published in Nano Letters, with the inclusion of 
Supporting Information figures in the main text for ease of reading. 
Flynn, G.; Ramasse, Q. M.; Ryan, K. M. Nano Letters, 2016, 16, 374 – 380 
 
4.1 Abstract 
Herein, we report the formation of multi-segment Si-Ge axial 
heterostructure nanowires in a wet chemical synthetic approach. These nanowires 
are grown by the liquid injection of the respective silicon and germanium precursors 
into the vapour phase of an organic solvent in which a tin-coated stainless steel 
substrate is placed. The Si-Ge transition is obtained by sequential injection with the 
more difficult Ge-Si transition enabled by inclusion of a quench sequence in the 
reaction. This approach allows for alternating between pure Si and pure Ge 
segments along the entire nanowire length with good control of the respective 
segment dimensions. The multi-segment heterostructure nanowires presented are 
Ge-Si, Si-Ge-Si, Ge-Si-Ge, Si-Ge-Si-Ge and Si-Ge-Si-Ge-Si-Ge. The interfacial 
abruptness of the Ge to Si interface is also determined through the use of aberration 
corrected scanning transmission electron microscopy and electron energy loss 
spectroscopy. 
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4.2 Introduction 
Si and Ge nanowires (NWs) have attracted substantial interest as their 
nanoscale dimensions offer potential to investigate electronic properties in these 
important materials at feature sizes that are relevant to the semiconductor industry. 
These nanowires are also of significant interest for energy harvesting 
(photovoltaics), electronic applications (transistors) and energy storage applications 
(Li ion).
1-3
 A lot of the research to date has focussed on the growth and applications 
of pure elemental Si or Ge NWs.
4-6
 However, in recent years research has 
progressed towards the synthesis of compound semiconductor materials such as 
Si/Ge heterostructure NWs (hNWs) due to their potential for high performance 
device applications.
7,8
 Both axial and radial Si/Ge hNWs have been successfully 
synthesised, typically through the use of chemical vapour deposition techniques.
9-11
 
Axial hNWs in particular may provide distinct advantages in electron transport 
applications, such as in tunnel FETs, by combining the smaller bandgap and higher 
carrier mobilities of Ge while maintaining a more suitable current switching and 
subthreshold swing due to Si.
12
 However, a key requirement for the use of these 
structures in such high performance devices is the ability to control the interfacial 
abruptness between the materials.
13,14
 Au has been the most extensively studied 
catalyst for these axial heterostructures but as a Type A catalyst it has a high 
solubility with Si (18.6 % Si at 363 °C) and Ge (28 % Ge at 361 °C) resulting in an 
interfacial region that is of the order of the NW diameter.
15
 This diameter 
dependence is due to a “reservoir effect” where residual Si or Ge atoms remain in 
the seed even after the growth source has changed, causing a diffuse interface 
between the materials.
16,17
 It is widely accepted that in order to reduce this effect 
and therefore increase the interfacial abruptness of the hNWs, the solubility of Si 
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and Ge with the chosen catalyst should be minimised.
14,15,17-19
 In some cases the 
alloying of Au with other type A catalysts (Al and Ag), in combination with 
switching from the VLS growth system to the VSS growth system upon entering the 
Ge growth phase, has allowed for the lowering of the solubility of Si and Ge with 
the seed, consequently producing more abrupt interfaces.
17,18
 However, this 
switching of the growth type from VLS to VSS results in the growth rate being 
dramatically reduced as VSS growth is much slower than VLS growth. Perea et al. 
have recently reported the ability to produce abrupt interfaces, as narrow as 6nm, by 
alloying Au with the type B (low solubility for Si and Ge) catalyst Ga, which allows 
for the reduction in the overall solubility of the group IV semiconductors in the 
catalyst, with the added benefit of being able to maintain VLS growth.
19
 While 
more abrupt interfaces have been achieved through these methods, the use of gold is 
still not ideal as it forms electron traps in Si and Ge NWs, inhibiting their use in 
electronic applications.
20-22
  
To avoid the use of Au, while also maintaining a low solubility of Si and Ge 
in the seed, type B catalysts alone, are attractive alternatives for Si-Ge hNW 
growth. Type B catalysts such as In, Sn and Bi, not only have low melting points 
allowing for lower reaction temperatures, but they also boast solubilities of ≤ 1 % 
with Si and Ge and have already been proven to be useful in the growth of both 
pure Si and pure Ge NWs.
23-26
 We have recently formed Si-Ge axial hNWs with 
atomically abrupt interfaces, using the type B catalyst Sn in a solvent vapour growth 
SVG system.
27
 As the germanium precursor is more reactive than the silicon 
precursor, the sequence of growth is restricted to Si as the first component seeding 
from Sn, which on introduction of Ge into the system results in an immediate 
switch to Ge growth. Efforts to include a third segment by re-introduction of Si 
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monomers results in an alloy of Si/Ge as the terminating segment regardless of the 
type B catalyst used.
28
 This is consistent with many of the previous reports of axial 
Si/Ge hNW growth that consist of alternating Si and Si/Ge alloy segments formed 
by having a continuous flow of a Si source, with the intermittent introduction of a 
Ge source to form the alloy segments.
9,15,29
 These reports have mostly consisted of a 
Si segment first (Si-Ge) with very few reports of the reverse configuration, Ge-
Si.
19,30,31
 Also, reports of repeated alternating between pure Si and pure Ge 
segments in axial hNWs are very scarce, with the only previous works on this 
showing quite short subsequent segments due to the slow VSS growth rates 
following the growth of an initial long Si segment under VLS conditions.
17,18
 
Here, we present the growth of long, multi-segment Sn seeded Si-Ge axial 
hNWs, showing control over the segment distribution and number of repeat units. 
The hNWs presented include Ge-Si, Si-Ge-Si, Ge-Si-Ge, Si-Ge-Si-Ge and 
Si-Ge-Si-Ge-Si-Ge, grown in a versatile, low-cost solvent vapour growth 
system.
32,33
 Through the use of the type B catalyst, Sn, we are able to maintain a 
high growth rate with the VLS mechanism for the entire process. In this study, to 
circumvent the growth of a Si/Ge alloy segment due to the presence of residual 
germane, and to promote the growth of pure, single element segments, we introduce 
quench sequences following the growth of the Ge segments with additional 
segments grown in clean glassware. Aberration-corrected scanning transmission 
electron microscopy (STEM) analysis, along with atomically resolved electron 
energy loss spectroscopy (EELS) analysis have been utilised in order to determine 
the exact abruptness of the Ge-Si interface.  
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4.3 Experimental 
Chemicals Used  
All chemicals were used as received unless otherwise stated. The high 
boiling point solvent squalane (99 %), phenylsilane (PS) (97 %) and 
triphenylgermanium hydride (TPG) were received from Sigma-Aldrich. 
Diphenylgermane (DPG) was supplied by Fluorochem. PS, TPG and DPG were 
stored and dispensed from an argon filled glovebox. 
Substrate Preparation 
Sn substrates were prepared by evaporating 99.999 % Sn, (Kurt J. Lesker) in 
a glovebox based evaporation unit, onto a stainless steel substrate (PI-KEM Ltd.). 
The nominal Sn film thickness investigated was 20 nm. The substrates were stored 
in an Ar glovebox prior to reactions and contact with O2 was kept to a minimum. 
General Reaction Setup  
Reactions were carried out in a custom-made Pyrex round bottomed flask 
containing 7 ml of squalane. The growth substrates were placed vertically in the 
flask, which was attached to a Schlenk line setup via a water condenser. This was 
then ramped to a temperature of 125 °C using a three-zone furnace. A vacuum, of at 
least 100 mTorr, was applied for 1 h to remove moisture from the system. 
Following this, the system was purged with Ar. The flask was then ramped to the 
reaction temperature under a constant Ar flow. A water condenser was used to 
control the HBS reflux and ensure that the reaction was kept under control. At the 
correct reaction temperature, the precursor was injected through a septum cap into 
the system and the reaction was allowed to proceed for the given growth time. To 
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terminate the reaction, the furnace was opened and the setup was allowed to cool to 
room temperature before removing the NW coated substrates.  
Si-Ge hNW growth 
The general reaction setup, described above, was followed, with PS being 
injected at 460 °C and allowed to react for 45 min. The furnace was then ramped 
down to a temperature of 430 °C and allowed to stabilise before TPG was injected 
for 5 min. The reaction was terminated and allowed to cool to room temperature 
before removing the substrate. 
Ge-Si hNW growth 
The general reaction setup, described above, was followed, whereby DPG 
was injected at 430 °C and the growth time given was 10 min. The reaction was 
terminated, allowed to cool and the substrate was removed. The substrate was 
rinsed in toluene. The reaction setup was repeated in fresh, clean glassware. The Si 
segment was then grown by injecting PS at 460 °C with a given reaction time of 60 
min. The reaction was then terminated and allowed to cool to room temperature 
before removing the substrate. 
All subsequent segments were synthesised similar to the above methods.  
Note: For heterostructure NW growth where a Si segment is followed by a Ge 
segment, these two segments are grown during the same reaction. Where a Ge 
segment is followed by a Si segment, the reaction is terminated following the 
growth of the Ge segment and the Si segment is grown in clean glassware. 
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Post Synthetic Treatment 
After synthesis, the substrates were rinsed with toluene to remove excess 
HBS. No additional cleaning steps were required. 
Analysis 
SEM analysis was performed on a Hitachi SU-70 system operating between 
3 and 20 kV. The substrates were untreated prior to SEM analysis. For TEM 
analysis, the NWs were removed from the growth substrates through the use of a 
sonic bath. The NWs were washed in a toluene and ethanol mixture, centrifuged for 
10 min at 4000 rpm and then immersed in toluene. TEM analysis was conducted 
using a 200 kV JEOL JEM-2100F field emission microscope equipped with a Gatan 
Ultrascan CCD camera and EDAX Genesis EDS detector. TEM/STEM/EDX 
analysis of the NWs was conducted on Cu TEM grids. XRD analysis was conducted 
using a PANalytical X’Pert PRO MRD instrument with a Cu Kα radiation source 
(λ = 1.5418 Å) and an X’celerator detector. All scanning transmission electron 
microscopy work was carried out on a Nion UltraSTEM100 microscope operated at 
100 keV primary beam energy. In the conditions used for the experiments, the 
microscope forms a 0.8 Å probe with a convergence semiangle of 31 mrad. The 
HAADF detector semiangular range was calibrated as 85–195 mrad for Z-contrast 
imaging. A Gatan Enfina spectrometer was used to acquire electron energy loss 
spectra. Although the native energy spread of the beam delivered by the cold field 
emission emitter of the microscope is 0.35 eV, the spectrometer was set up so both 
Ge L2,3 and Si K edges could be recorded simultaneously, resulting in an energy 
resolution (estimated by the full width at half-maximum of the zero loss peak) of 
1.3 eV. All EELS data was processed using principal component analysis to 
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minimise the influence of noise. The collection semiangle was 36 mrad for all data 
presented here. For compositional analysis, the Ge L2,3 and Si K edges were 
integrated over a 50 eV window after the edge onsets, following the removal of the 
background using a decaying power law function.  
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4.4 Results and Discussion 
Figure 1 outlines the synthesis approach used in this report for the formation 
of multi-segment hNWs, beginning with either a Si or a Ge segment. Figure 1 (a) 
illustrates the SVG system used for NW growth, which consists of a long-neck 
round bottomed flask, within a three-zone furnace. The flask contains the high 
boiling point organic solvent, squalane, as well as the stainless steel (SS) growth 
substrate. A thermally evaporated layer of Sn on the SS substrate allows for the 
nucleation of the NWs through the in situ formation of discrete Sn seeds in the 
reaction vessel due to its low melting point of 231.9 °C. The schematics illustrating 
the synthesis protocol for the different hNW types achievable is explained in Figure 
1 (b) and (c) where Figure 1 (b) shows the growth when starting with a Si segment 
while Figure 1 (c) shows the reverse type, starting with a Ge segment. For the 
growth of the double segment heterostructure type of Si-Ge, shown in Figure 1 (b), 
a Si segment is grown by injecting the Si precursor PS followed by sequentially 
injecting the Ge precursor TPG to achieve a subsequent, Ge segment within the 
same reaction vessel.
27
 The growth of this pure Ge segment is achieved by taking 
advantage of the enhanced reactivity of TPG, due to phenyl-redistribution when 
combined with PS, which is already present from the Si segment growth. In 
principle PS is an effective phenyl scavenger leading to rapid reduction of the TPG 
to Ge.
34,35
 However, for the growth of the reverse configuration, namely Ge-Si, 
shown in Figure 1 (c), it is not possible to simply perform a sequential injection of 
PS as this results in the formation of a Si/Ge alloy region, rather than pure Si due to 
the PS reacting with residual germane in the reaction vessel.
28
 In order to avoid this 
effect, quench sequences were introduced into the synthesis protocol, whereby the 
reaction is terminated following the growth of the Ge segments. The substrate is 
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removed from the round bottomed flask and is washed thoroughly with toluene 
before being placed in a fresh, clean flask where a Si or Si-Ge reaction is carried 
out. These quench sequences thus allow for the synthesis of hNWs with alternating, 
pure Si and pure Ge segments, irrespective of the configuration. 
 
Figure 1. Schematic of the synthesis system and the hNWs which can be 
synthesised. (a) Schematic of the solvent vapour growth system used for axial hNW 
growth. Squalane acts as the growth medium with the organometallic precursor PS 
injected for silicon segment growth, while TPG or DPG are injected for germanium 
segment growth. (b) The scheme for hNW growth, utilising quench sequences, 
when beginning with a Si segment while (c) shows the scheme beginning with a Ge 
segment.  
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Figure 2 (a) – (f) shows TEM images of the different hNW types correlating 
with the sequences outlined in Figure 1. The number and sequence of growth and 
quenching can be repeated consistently with up to 6 alternating segments 
demonstrated in this work. A clear contrast difference between the Si and Ge can be 
seen in the TEM images, providing evidence of the lack of alloying between the 
elements. In all of the hNW types presented, a clear broadening in the NW diameter 
can be observed on the transition from Si to Ge, while conversely, a clear tapering 
is seen when transitioning from Ge to Si. This difference in diameter between the 
segments is due to the different wetting behaviours of the Sn catalyst with both the 
Si and Ge. This results in an undulation in thickness along the wire length as the 
wire alternates between the larger diameter Ge and smaller Si. A slight reduction in 
the respective diameters along the wire is observed that is consistent with the 
expected reduction in the seed diameter as the reaction progresses due to material 
losses. For the Si-Ge-Si hNW in Figure 2 (c), the diameters of the Si, Ge and 
second Si segment are 52 nm, 67 nm and 48 nm respectively. Similarly, for the 
Ge-Si-Ge hNW in Figure 2 (d) the diameters of the Ge, Si and second Ge segment 
are 98 nm, 73 nm and 90 nm respectively. It can also be noted from the hNWs seen 
in Figure 2 that the lengths of each segment can be varied and this is achieved 
through the careful control of the reaction times given for each segment. The 
growth rate for Sn seeded Ge NWs was observed to be approximately three times 
that of the growth rate for Sn seeded Si NWs and this was consistent across the 
reaction series as outlined in Table 1. For example, the Ge-Si-Ge sequence in 
Figure 2 (d) has individual segment lengths of 1400 nm, 1800 nm and 750 nm, 
requiring growth times of 20, 70 and 10 minutes respectively. In some cases, such 
as for the hNW seen in Figure 2 (c), detachment of the seed occurs upon sonication 
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of the material due to an amorphous layer being present at the interface of the 
silicon wire and the metal seed.
36
 
 
Figure 2. Low magnification TEM images of some of the hNWs which have been 
synthesised through the incorporation of quench sequences. (a) shows a Si-Ge hNW 
where the Si and Ge segments are grown sequentially in one reaction, (b) shows the 
opposite, Ge-Si hNW where a quench sequence is required following the growth of 
the Ge segment, (c) and (d) show triple segment hNWs consisting of Si-Ge-Si and 
Ge-Si-Ge respectively while (e) shows the 4 segment Si-Ge-Si-Ge hNW and (f) the 
6 segment Si-Ge-Si-Ge-Si-Ge hNW.  
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Figure 2 (a) : Si-Ge Si Ge ---- ---- 
Approx. Segment Length (nm) 900 600 ---- ---- 
Growth Time (min) 40 7.5 ---- ---- 
Growth Rate (nm/min) 22.5 80 ---- ---- 
Figure 2 (b) : Ge-Si Ge Si ---- ---- 
Approx. Segment Length (nm) 390 240 ---- ---- 
Growth Time (min) 5 10 ---- ---- 
Growth Rate (nm/min) 78 24 ---- ---- 
Figure 2 (d) : Ge-Si-Ge Ge Si Ge ---- 
Approx. Segment Length (nm) 1400 1800 750 ---- 
Growth Time (min) 20 70 10 ---- 
Growth Rate (nm/min) 70 25.7 75 ---- 
Figure 2 (e) : Si-Ge-Si-Ge Si Ge Si Ge 
Approx. Segment Length (nm) 1460 880 960 810 
Growth Time (min) 60 10 40 10 
Growth Rate (nm/min) 24.3 88 24 81 
Average Growth Rate for Si 24.1 ± 1.14 nm/min 
Average Growth Rate for Ge 78.7 ± 6.06 nm/min 
Table 1. Comparison of the segment lengths and growth times for the Si-Ge, Ge-Si, 
Ge-Si-Ge and Si-Ge-Si-Ge heterostructure NWs seen in Figure 2 (a), (b), (d) and (e) 
respectively. It can be noted that the growth rate for the Ge segments is over three 
times the growth rate for the Si segments. 
 
High-angle annular dark field (HAADF) imaging in an aberration corrected 
STEM was performed on a number of the Ge-Si hNWs. This analysis was 
performed along with atomic-resolution EELS analysis in order to determine the 
exact interfacial abruptness when transitioning from Ge to Si. This allows 
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comparison to the abrupt interface previously observed upon the non-quench 
transition from Si to Ge. A low magnification bright field (BF) image of a Sn 
seeded Ge-Si hNW is shown in Figure 3 (a) focussing on the interfacial region. A 
high magnification dark field (DF) image of the area specified by the red box in 
Figure 3 (a) is shown in Figure 3 (b). In the conditions used, the contrast of HAADF 
(or “Z-contrast”) images is approximately proportional to Z (n = 1.7 – 2), where Z 
is the atomic number of the observed material. Figure 3 (c) shows a higher 
magnification image of the region at the Ge-Si interface indicated by the red box in 
Figure 3 (b). Figure 3 (d) shows the corresponding EELS map where the signal for 
Ge is shown in red and the signal for Si is represented by the green colour. From 
this we can see that there appears to be a relatively sharp transition at the interface 
from the Ge region to the lower Z, Si region, above. A line profile, indicated by the 
yellow arrow in Figure 3 (c), was then drawn from the Ge section to the Si section. 
The EELS data was processed using principal component analysis,
37
 to minimise 
the influence of noise, before being averaged across the interface to generate a 
graph representing the relative intensities of both Ge and Si (normalised to [0 1]). 
From this graph in Figure 3 (e) we can see that the transition from Ge to Si occurs 
over a distance of approximately 12 nm, across which a Si/Ge alloy, of decreasing 
Ge content, is observed, with higher magnification HAADF and EELs analysis of 
this interface shown in Figure 4. This transition is quite sharp for VLS grown Ge-Si 
axial heterostructures, particularly when taking into account the large diameter 
(85 nm) of the NW and considering that the reactions are quenched and re-started in 
between the growth of the Ge and Si segments. 
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Figure 3. Interfacial abruptness determination of a Ge-Si hNW (a) Low 
magnification BF-STEM image of a Ge-Si hNW. (b) Rotated HAADF image of the 
region indicated by the red box in (a). (c) HAADF image of the spectrum region 
used for EELS analysis as highlighted by the red rectangle in (b). (d) EELS map 
corresponding to the HAADF in (c) showing the elemental distribution, with the Ge 
and Si signals indicated by red and green respectively. (e) Graph generated of the 
normalised intensity across the Ge-Si interface with the direction given by the 
yellow arrow in (c). The transition of the materials from Ge to Si occurs over 
approximately 12 nm. The HAADF image was acquired simultaneously with the 
EELS data. 
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Figure 4. Interfacial abruptness determination of a Ge-Si hNW (a) Low 
magnification BF-STEM image of a Ge-Si hNW. (b) Rotated HAADF image of the 
region indicated by the red box in (a). (c) HAADF image of the spectrum region 
used for EELS analysis as highlighted by the red rectangle in (b). (d) EELS map 
corresponding to the HAADF in (c) showing the elemental distribution, with the Ge 
and Si signals indicated by red and green respectively. (e) Graph generated of the 
normalised intensity across the Ge-Si interface with the direction given by the arrow 
in (c). The HAADF image was acquired simultaneously with the EELS data.  
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Several factors may contribute to the less abrupt interface at the Ge-Si 
junction in comparison to the atomically abrupt interface for the Si-Ge junction. 
While Si and Ge are both known to have extremely low solubilities with Sn, a 
comparison of their relative solubilities from the Si-Sn and Ge-Sn phase diagrams 
in Figure 5 (a) and (b) respectively, is noteworthy. At room temperature, Ge has a 
solubility of 0.5 % in Sn while Si has a negligible solubility, whereas at the reaction 
temperature (460 °C), Ge has a solubility of 1.1 % which is approximately 70 times 
more soluble than the Si solubility of 0.015 %. This higher solubility allows for a 
number of possible routes for the remnant Ge to manifest into the sequential growth 
phases of Si: (1) the solid Sn seed at room temperature, after the quench step, can 
contain up to 0.5 % Ge, which will be present on the introduction of the Si, (2) the 
subsequent reaction temperature of 460 °C is above the eutectic point for Ge and Sn 
allowing for potential re-dissolution of Ge from the wire, up to the solubility limit 
of Ge (1.1 %) at this temperature and (3) residual Ge not removed in the toluene 
washing step could also act as a source. Further improvements in abruptness of this 
interface may be possible by increasing the reactivity of the Si source to ensure a 
rapid switch to Si growth and also improving the washing step using more optimal 
solvents. 
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Figure 5. Phase diagrams for Si-Sn and Ge-Sn. (a) Phase diagram for the Si-Sn 
alloy
38
 and (b) phase diagram for the Ge-Sn alloy.
39
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In a small percentage of the Ge-Si hNWs synthesised, a slightly different 
interface to that of the hNW in Figure 3 is observed. In Figure 6 (a) a low 
magnification BF-STEM image of a Ge-Si hNW is shown. An additional dark band 
is observed after the initial transition from Ge to Si, indicating the presence of 
another small Ge rich region. This small region is more clearly evident in the 
HAADF image in Figure 6 (b). A HAADF image of the region at the Ge-Si 
interface indicated by the red box in Figure 6 (b) is shown in Figure 6 (c), while the 
corresponding EELS map with Ge in red and Si in green is seen in Figure 6 (d). 
From this we can note that while initially the Ge begins to transition to Si, another 
peak region of Ge nucleates before the NW transitions entirely to Si. This is more 
clearly presented in the graph in Figure 6 (e), which was generated in the same 
manner as the graph in Figure 3 (e). The Ge signal begins to drop and is less than 
the Si signal after approximately 10 nm, before it rises again to another peak at 
approximately the 12 nm mark. The signal for Ge again begins to drop, quite 
quickly and is at a minimum relative to the Si signal after another 7 nm. While the 
interfacial region is more complex than that seen in the hNW in Figure 3, the 
overall transition from Ge to Si for this 70 nm NW occurs over a similar distance of 
approximately 13 nm, with higher magnification data for this interface shown in 
Figure 7. 
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Figure 6. Interfacial abruptness determination of a Ge-Si hNW with a more 
complicated interface (a) Low magnification BF-STEM image of the Ge-Si hNW. 
(b) HAADF image of the region indicated by the red box in (a). (c) HAADF image 
of the spectrum region used for EELS analysis as highlighted by the rectangle in 
(b). (d) EELS map corresponding to the HAADF in (c) showing the elemental 
distribution, with the Ge and Si signals indicated by red and green respectively. (e) 
Graph generated of the normalised intensity across the Ge-Si interface with the 
direction given by the yellow arrow in (c). The transition of the materials from Ge 
to Si occurs over approximately 15 nm. The HAADF image was acquired 
simultaneously with the EELS data. 
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Figure 7. Interfacial abruptness determination of a Ge-Si hNW with a more 
complicated interface (a) Low magnification BF-STEM image of the Ge-Si hNW. 
(b) HAADF image of the region indicated by the red box in (a). (c) HAADF image 
of the spectrum region used for EELS analysis as highlighted by the rectangle in 
(b). (d) EELS map corresponding to the HAADF in (c) showing the elemental 
distribution, with the Ge and Si signals indicated by red and green respectively. (e) 
Graph generated of the normalised intensity across the Ge-Si interface with the 
direction given by the arrow in (c). The HAADF image was acquired 
simultaneously with the EELS data.  
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This observation is most likely due to small amounts of residual germane 
remaining on the substrate following the toluene washing step, causing local 
changes in the germane concentration, which then incorporates into the Si segment, 
before it is entirely consumed. While the washing of the substrate is intended to 
remove all residual germane, its complete removal would be quite difficult as some 
could be trapped within the nanowire meshes. The importance of this washing step 
is confirmed by performing a Ge-Si reaction without washing the substrate in 
toluene before the subsequent Si reaction. The number of NWs exhibiting a similar 
interface to that in Figure 6 increases dramatically, with the length of the interfacial 
region also increasing as shown in Figure 8. Figure 9 shows that in this reaction, 
only a small percentage of the NWs produced are the pure Ge to pure Si type, with 
the majority of the NWs exhibiting varying amounts of alloying in the “Si” 
segment. 
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Figure 8. A Ge-Si hNW from a Ge-Si hNW reaction without a toluene rinse before 
the subsequent Si reaction, similar to the hNW observed in Figure 3. (a) and (b) 
TEM and STEM images respectively (with higher magnification images inset) of 
the Ge-Si hNW, where the contrast difference clearly shows the re-incorporation of 
a Ge rich region. (c) to (f) EDX line scans corresponding to the blue, green, yellow 
and orange arrows in (b) and inset of (b), showing the complex transition where 
there is a Ge rich region, before the pure Si segment commences. The increased Sn 
intensity in (c) corresponds to a region where a Sn seed is lying on the NW surface. 
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Figure 9. STEM images of different Ge-Si hNWs produced for a Ge-Si hNW 
reaction without a toluene rinse before the subsequent Si reaction. (a) a graded 
Ge-SiGe (alloy) hNW where the contrast difference shows continuous changes in 
the material along the length of the “Si” segment, (b) – (f) Ge-Si hNWs showing 
varying compositions for the “Si” segment, ranging from a large transitional region 
to quite a sharp transition, with corresponding EDX line scans. 
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Figure 10 (a) shows a typical Si-Ge-Si hNW, where both interfaces can be 
observed in one structure. Higher magnification images of the regions indicated 
with a red and blue box can be seen in Figure 10 (b) and (c) respectively. The high 
magnification images, further confirm that when comparing the Si-Ge interface, 
which were grown sequentially in one reaction, with the Ge-Si interface, where a 
quench sequence was performed before the growth of the Si segment, the interface 
from Si to Ge is much sharper than that of the Ge to Si interface. This can be 
observed more clearly in the EDX line scan shown in Figure 10 (d), with the scan 
direction indicated by the arrow in Figure 10 (a). There is a sharp drop in the Si 
signal which occurs simultaneously with a sharp increase in the Ge signal at 
0.22 μm, showing that there is a very abrupt change from Si to Ge at that interface. 
At 0.39 μm, there is a drop off in the Ge signal with an increase in the Si signal seen 
at close to the same point, showing again, quite a sharp transition in the material 
from Ge to Si but not quite as abrupt as that seen for the Si to Ge interface. 
Comparative EDX analysis of a Ge-Si-Ge hNW is shown in Figure 11 where a 
similar trend to the analysis in Figure 10 is observed for the Ge-Si and Si-Ge 
interfaces. Typically the Si-Ge interface is abrupt to 1-3 nm whereas the Ge-Si 
interface is abrupt to 10-15 nm. 
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Figure 10. TEM images and EDX line profile for a Si-Ge-Si hNW. (a) Low 
magnification TEM image of a Si-Ge-Si hNW. (b) and (c) High magnification TEM 
images of the Si-Ge and Ge-Si interfaces indicated by the red and blue boxes 
respectively in (a). (d) EDX line profile along the NW where Si is green and Ge is 
red, with the direction indicated by the white arrow in (a). 
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Figure 11. TEM images and EDX line profile for a Ge-Si-Ge hNW. (a) and (b) 
Low magnification TEM and DF-STEM images of a Ge-Si-Ge hNW. (c) Higher 
magnification DF-STEM image of the Ge-Si interface indicated by the red box in 
(b), with the corresponding EDX line scan given in (d). (e) and (f) Higher 
magnification DF-STEM image of the Si-Ge interface indicated by the blue box in 
(b) with corresponding EDX line scan. 
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TEM and DF-STEM images clearly showing the presence of a Sn seed on a 
Si-Ge-Si hNW are presented in Figure 12 (a) and (b) respectively. Figure 12 (c) 
shows a higher magnification DF-STEM image of the seed/Si segment interface 
with the corresponding line scan shown in Figure 12 (d), where clear peaks for both 
Sn and Si are observed. 
 
Figure 12. TEM, DF-STEM and EDX line profile of the Sn-Si interface for a 
Si-Ge-Si hNW. (a) and (b) Low magnification TEM and DF-STEM images of a 
Si-Ge-Si hNW. (c) Higher magnification DF-STEM image of the Sn-Si interface, 
with the corresponding EDX line scan in (d).  
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4.5 Conclusion 
In summary, Si-Ge axial heterostructure NWs of up to at least 6 segments 
were synthesised in a wet chemical synthesis approach. These hNWs consist of 
long, alternating, pure Si and pure Ge segments, with minimal alloying observed at 
the interfaces as confirmed through the use of aberration corrected STEM and 
EELS. The control of segment length and ability to alternate between Si and Ge 
with sharp transitional abruptness allows for their programmable design and rational 
integration into complex device architectures. The quench step described in this 
report may also offer the added benefit of allowing for the isolated doping of the 
silicon and germanium segments to potentially create device relevant p-n, n-p or 
p-i-n junctions along the length of the nanowires. 
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Chapter 5: Single Crystal Germanium Nanowires and 
Branched Nanowire Networks Grown from Lead Seeds 
and Their Application as Lithium Battery Anodes 
The contents of this chapter have been submitted for publication as an article (April 
2016). The only difference from the submitted manuscript is that the Supporting 
Information figures have been included in the main text for ease of reading. 
 
5.1 Abstract 
Herein, we report the high density growth of lead seeded germanium 
nanowires and their development into branched nanowire networks suitable for 
application as Li-ion battery anodes. The synthesis of the nanowires from lead seeds 
occurs simultaneously in both the liquid zone (SLS growth) and solvent rich vapour 
zone (VLS growth) of a high boiling point solvent growth system. The reaction is 
sufficiently versatile to allow for the growth of nanowires directly from either an 
evaporated catalyst layer or from pre-defined nanoparticle seeds and can be 
extended to allowing extensive branched nanowire formation in a secondary 
reaction where these seeds are coated onto existing wires. The NWs are 
characterised using TEM, SEM, XRD and DF-STEM. Electrochemical analysis was 
carried out on both the single crystal Pb-Ge NWs and the branched Pb-Ge NWs to 
assess their suitability for use as anodes in a Li-ion battery. Differential capacity 
plots show both the germanium wires and the lead seeds cycle lithium and 
contribute to the specific capacity that is approximately 900 mAh/g for the single 
crystal wires, rising to approximately 1100 mAh/g for the branched nanowire 
networks.  
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5.2 Introduction 
Group IV nanomaterials have found a wide range of applications from 
photovoltaics, to semiconductor devices and more recently, as high capacity anodes 
for lithium ion batteries.
1-3
 Ge nanowires (NWs), in particular, have distinctive 
properties that are of interest such as, high carrier mobility and high rate of lithium 
diffusion making it suitable for lithium batteries that can withstand high rate 
capability.
4
 Chemical vapour deposition is one of the most common systems used to 
date for nanowire growth but recently synthetic approaches using organic solvents 
have gained interest due to the ability to grow a higher density of NWs in processes 
that have lower energy requirements.
5,6
 The metal catalyst of choice for the growth 
of semiconductor NWs in the past has been Au as it has low eutectics with both Si 
and Ge and because it enables the production of good quality NWs.
7
 However, it is 
a very expensive metal and is known to degrade the electrical properties of 
semiconductors as well as leading to irreversible capacity losses when used as the 
anode in Li-ion batteries.
8-10
 This has led to the investigation of different metal 
catalysts as potential replacements for Au. Au falls under the category of Type A 
catalysts along with Ag
11
 and Al
12
 with this classification referring to their high 
solubility with Si and Ge. Type B catalysts, such as Bi
13,14
, Sn
15,16
 and Pb
17,18
 have a 
low solubility with Si and Ge while the Type C catalysts, such as Cu
19,20
 and Ni
21,22
 
are known to form silicides and germanides. The Type B catalyst Pb is interesting 
for the growth of group IV NWs for a number of reasons; (1) it is a cheap and 
abundant metal with a melting point of 327.5 °C which allows for low temperature 
NW growth, (2) it is a group IV element making it intrinsic with Si and Ge which 
could allow for the introduction of p-type or n-type dopants, depending on the NW 
properties required, (3) it is a highly recyclable material with for example, over 
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90 % of Pb-acid batteries recycled under strict collecting and recycling controls, 
with these strict controls also alleviating concerns surrounding its toxicity (4) as a 
NW seed, Pb may be commercially important as it could act as a transitional 
material from conventional Pb-acid batteries towards more efficient, 
environmentally friendly energy storage systems such as NW containing Li-ion 
batteries. However, despite these advantages, little attention has been given to Pb as 
a catalyst for group IV NW synthesis, with, to the best of our knowledge, just one 
previous report of the use of bulk Pb as a catalyst for Si NW growth
17
, while very 
recently, Seifner et al. have reported the growth of Pb supported Ge NWs using 
both solid and liquid Pb seeds.
18
 
Recently, we have developed a low cost system for the reliable growth of 
high density Si, Ge and multi-segment Si-Ge heterostructure NWs directly from 
different metal layers, such as, In
23
, Cu
24,25
, Sn
26,27
. These NWs are grown through 
the utilisation of the vapour-liquid-solid (VLS) and the vapour-solid-solid (VSS) 
systems, depending on the metal-Si/metal-Ge eutectic temperature.
28
 
Here, we present the high density growth of Ge NWs from both an 
evaporated layer of Pb and from discrete Pb nanoparticles (NPs). These Pb seeded 
Ge NWs are found to grow simultaneously in both the vapour and solution zones of 
a refluxing high boiling point solvent by the VLS and solution-liquid-solid (SLS) 
growth mechanisms, respectively. The wires grown from the evaporated Pb layer on 
stainless steel are anchored to the substrate allowing them to be used as binder free 
electrodes for lithium ion batteries. We show that these substrate bound wires can 
act as templates for the deposition of further Pb NPs that, in a secondary reaction, 
result in branching, leading to an increase in the density of the nanowire networks. 
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Our observations show that both the Pb seeds and Ge NWs cycle lithium, with 
capacities of over 1000 mAh/g achievable.  
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5.3 Experimental 
Chemicals Used  
All chemicals were used as received unless otherwise stated. The high 
boiling point solvent squalane (99 %), lead (IV) acetate, poly(vinyl pyrrolidone) 
(PVP) (Mw~55,000), and sodium borohydride (NaBH4) were received from Sigma-
Aldrich. Diphenylgermane (DPG) was supplied by Fluorochem. DPG was stored 
and dispensed from an argon filled glovebox. 
Evaporated Substrate Preparation 
Pb substrates were prepared by evaporating 99.999 % Pb, (Kurt J. Lesker) in 
a glovebox based evaporation unit, onto a stainless steel substrate. The nominal Pb 
film thickness investigated was 10 nm. The substrates were stored in an Ar 
glovebox prior to reactions and contact with O2 was kept to a minimum.  
NP Substrate Preparation 
Pb NPs were synthesised using a modification of a previously reported 
synthesis.
29
 In a three-neck flask connected with Argon, a mixture of 2.05g of PVP 
and 25 mg of NaBH4 in 8mL of distilled water was introduced. This mixture was 
stirred for 5 minutes and 180 mg of Pb(CH3CO2)4 in 2mL of water was injected. 
Upon addition, the solution turned black indicating the formation of Pb NPs. This 
solution was centrifuged at 4000 rpm for 10 min before being re-immersed in 
methanol, with the resultant NPs having diameters of approximately 20 nm. 
Following the synthesis of the Pb NPs, 0.5 ml of the solution was drop-cast onto a 
stainless steel substrate and allowed to dry before being placed into the reaction 
vessel. 
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Note: Pb NPs are only stable for a few hours. For each NW synthesis, Pb 
NPs were made fresh and used immediately. 
Branched Substrate Preparation 
The as-synthesised Pb-Ge NWs on stainless steel substrate grown from the 
evaporated Pb layer is immersed in 0.1 M EDT in acetonitrile (ACN) for 30 min. 
The substrate is rinsed in ACN before being placed in a vial of ACN for 5 min. The 
substrate is then immersed in the Pb NP solution for 30 min and rinsed with 
methanol before being placed in the reaction flask where a typical Ge NW reaction 
is performed. 
Post Synthetic Treatment 
After synthesis, the substrates were rinsed with toluene to remove excess 
HBS. No additional cleaning steps were required. 
Reaction Setup 
Reactions were carried out in a custom-made Pyrex round bottomed flask 
containing 7 ml of squalane. The growth substrates were placed vertically in the 
flask, which was attached to a Schlenk line setup via a water condenser. This was 
then ramped to a temperature of 125 °C using a three-zone furnace. The line was 
degassed under vacuum for 30 min in order to remove moisture from the system. 
Following this, the system was purged with Ar. The flask was then ramped to the 
reaction temperature under a constant Ar flow. Reactions were conducted at 440 °C. 
A water condenser was used to control the HBS reflux and ensure that the reaction 
was kept under control. At the correct reaction temperature, 0.25 ml of the precursor 
DPG (Fluorochem) was injected through a septum cap into the system. The reaction 
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time given was 20 minutes. To terminate the reaction, the furnace was opened and 
the setup was allowed to cool to room temperature before removing the NW coated 
substrates. 
Analysis 
SEM analysis was performed on a Hitachi SU-70 system operating between 
3 and 20 kV. The Pb/Ge substrates were untreated prior to SEM analysis. For TEM 
analysis, the NWs were removed from the growth substrates through the use of a 
sonic bath. TEM analysis was conducted using a 200 kV JEOL JEM-2100F field 
emission microscope equipped with a Gatan Ultrascan CCD camera and EDAX 
Genesis EDS detector. TEM/STEM/EDX analysis of the NWs was conducted on 
Cu TEM grids. XRD analysis was conducted using a PANalytical X’Pert PRO 
MRD instrument with a Cu Kα radiation source (λ = 1.5418 Å) and an X’celerator 
detector. 
Electrochemical Measurements 
The electrochemical performance was evaluated by assembling two 
electrode Swagelok type cells in an Ar filled glovebox. The cells consisted of Pb 
seeded Ge NWs or a blank 10 nm evaporated layer of Pb on SS substrates as the 
working electrode, Li foil as the counter and reference electrode, a porous 
polyethylene separator, and an electrolyte solution of 1 M LiPF6 in ethylene 
carbonate/dimethyl carbonate (EC/DMC) (1:1 v/v) + 3wt % vinylene carbonate 
(VC). The measurements were carried out galvanostatically using a Biologic 
MPG-2 in the potential range of 0.01 V − 1.5 V versus Li/Li+. The mass of the 
Pb-Ge and branched Pb-Ge NWs was determined through careful measurement 
using a Sartorius Ultra-Microbalance SE2 (repeatability ± 0.25 μg).  
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5.4 Results and Discussion 
The schematic for the reaction is presented in Figure 1 (a), where a 10 nm 
Pb layer evaporated onto a SS substrate is placed in a round bottomed flask along 
with the high boiling point organic solvent, squalane. The setup allows part of the 
substrate to be immersed in the liquid solution with the remainder located in the 
vapour zone of the reactor. Once the required reaction temperature is reached, the 
organometallic precursor DPG is introduced into the reaction setup. This precursor 
thermally decomposes in both the vapour and liquid phases of the HBS, through a 
previously reported phenyl-redistribution pathway, to give germane.
30
 This germane 
in turn breaks down to give Ge monomer, which alloys with the Pb seed and upon 
supersaturation, Ge NW growth occurs. Figure 1 (b) shows the post-reaction 
substrate having a distinct purple/brown colour, typical of Ge NWs. Pb seeded Ge 
NW growth occurs in both the vapour and solution phases of the squalane, which 
can be seen in Figure 1 (c) and (d) respectively. 
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Figure 1. (a) Schematic depicting the synthesis process for the growth of the Ge 
NWs. (b) Post-reaction substrate showing the purple/brown colour typical for Ge 
NWs. (c) 50° tilted SEM image of the NW material produced in the vapour phase of 
the HBS. (d) SEM image of the high aspect ratio NWs grown in the solution phase 
of the HBS. 
 
High density growth is observed over the entire substrate with the NWs 
growing from spherical Pb seeds (Figure 2). The low and high magnification 
images in Figure 2 (a) and (b) show that the NWs grown in the vapour phase have 
average lengths of < 3 μm and a mean diameter of 60 ± 25 nm with the average 
seed/NW ratio being 2.05:1. The NWs grown in solution have a much higher aspect 
ratio, Figure 2 (c) and (d), with the majority having lengths > 20 μm and a mean 
diameter of 83 ± 32 nm. The average seed/NW ratio for these wires is slightly larger 
than that for the vapour phase wires at 2.19:1. 
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Figure 2. SEM images of the as-synthesised Pb-Ge NWs grown through the VLS 
and SLS growth mechanisms. (a) and (b) Low and high magnification SEM images 
respectively of the Pb-Ge NWs grown in the vapour phase of the organic solvent, 
(c) and (d) Low and high magnification SEM images respectively of the Pb-Ge 
NWs grown in the solution phase of the organic solvent. The high density growth of 
these NWs on the stainless steel substrates and the almost spherical nature of the Pb 
seeds is clearly evident in these images with (c) tilted to 50 ° in order to observe the 
spherical shape more clearly. 
 
The LRTEM image in Figure 3 (a) shows a highly kinked Pb seeded Ge NW 
grown in the vapour phase of squalane having a length of approximately 1.25 μm. 
The XRD pattern for the product formed in the vapour phase, shown in Figure 3 (b), 
gives reflections consistent with the (111), (220) and (311) peaks for cubic Ge 
(space group Fd3̅m) and the (111) and (200) peaks for cubic Pb (space group 
Fm-3m). The crystalline nature of both the Ge NWs and the Pb seed is also 
confirmed through the indexed FFTs in Figure 4. A DF-STEM image of a typical 
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NW/seed interface is shown in Figure 3 (c) with the resulting EDX line profile in 
Figure 3 (d) showing a sharp drop in the Pb signal coinciding with a sharp increase 
in the Ge signal at 0.14 μm. The near zero values observed for both Ge in the Pb 
seed and Pb in the Ge NW are to be expected due to the low solubility of Ge in Pb. 
 
Figure 3. VLS grown Pb seeded Ge NWs (a) LRTEM image of the variation in 
lengths seen in vapour grown Ge NWs. (b) XRD pattern obtained for the vapour 
grown material. (c) DF-STEM image of the seed/nanowire interface, with the 
corresponding line profile in (d). 
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Figure 4. HRTEM images of a Ge NW and a Pb seed, with indexed FFTs. (a) 
HRTEM image of a typical Ge NW with <111> growth direction with the 
corresponding FFT indexed for diamond cubic Ge in (b). (c) HRTEM image of a 
typical Pb seed with the corresponding FFT indexed for cubic Pb in (d). 
 
Figure 5 (a) shows a LRTEM image of a straight Pb seeded Ge NW grown 
in the solution phase of squalane, while in Figure 5 (b) a more tortuous NW is 
observed. The NWs grown via the SLS mechanism have a high aspect ratio with the 
lengths of the NWs in Figure 5 (a) and (b) being 17.5 μm and 21 μm respectively. 
The XRD pattern for the material grown in the solution phase, shown in Figure 5 (c) 
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is similar to that of the material grown in the vapour phase. However, this pattern 
exhibits larger and extra peaks for Ge, namely (400), (331) and (422), due to the 
higher density growth of the Ge NWs in solution. Figure 5 (d) shows the DF-STEM 
for a solution grown NW with the corresponding line profile shown in Figure 5 (e). 
Similarly to the line profile observed for the vapour phase NW, the signal for Ge 
dramatically decreases at the same point as the signal for Pb increases.  
 
Figure 5. SLS grown Pb seeded Ge NWs (a) and (b) LRTEM images of long Ge 
NWs grown in the solution phase of the HBS (b) XRD pattern obtained for the 
solution grown material. (c) DF-STEM image of the seed/nanowire interface, with 
the corresponding line profile in (d).  
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The synthetic process described for the Ge NWs catalysed using the 
evaporated layer of Pb, can also be used to grow Ge NWs from Pb NPs. These NPs, 
which have diameters ranging from approximately 15 – 25 nm, are deposited on a 
SS substrate instead of an evaporated Pb layer. Similarly to the evaporated layer, 
high density growth is observed in both the vapour and solution phases of the 
squalane, which are shown in Figure 6 (a) and (c). The mean diameters and lengths 
of these NWs are comparable to those grown from the evaporated layer of Pb, 
which suggests coalescence of the Pb seeds as the reaction is performed over 
100 °C above the melting point of bulk Pb. The XRD patterns for the VLS and SLS 
grown Pb NP seeded Ge NWs can be seen in Figure 6 (b) and (d) respectively. 
While these patterns are similar to those obtained for the evaporated Pb-Ge in 
Figure 3 (b) and 5 (b), extra peaks are observed with the use of the NPs, which are 
indexed for orthorhombic PbO (Lead (II) oxide). A strong, broad peak for PbO 
(111) is seen for the materials grown in both the vapour and solution phases at 29 °. 
Three further smaller peaks at 30.3 °, 32.6 ° and 37.8 °, for the material in solution 
are also observed and can be indexed for PbO (020), (200) and (201), respectively. 
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Figure 6. VLS and SLS grown Pb NP seeded Ge NWs (a) Low magnification SEM 
image of the Pb NP seeded Ge NWs grown in the vapour phase of the HBS, with 
the corresponding XRD pattern in (b), (c) Low magnification SEM image of the 
SLS grown Pb NP seeded Ge NWs and (d) XRD pattern for the as-synthesised 
solution grown material. 
 
The presence of this oxide can be explained by the oxidation of the NPs in 
air, before being placed into the round bottomed flask with a relatively thick oxide 
layer surrounding the Pb seeds, shown in the TEM image in Figure 7. 
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Figure 7. TEM image of the seed/NW interface showing a thick oxide layer 
surrounding the Pb NP seed. The oxide layer is approximately 10 nm in thickness. 
 
Another key difference noted with the use of the Pb NPs is that some 
branching occurs during NW growth, which is presented in the TEM image in 
Figure 8. While this branching was only observed in a small number of the NWs 
synthesised, it suggested the possibility of using the Pb NPs for more defined, 
higher density branching of the Ge NWs. 
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Figure 8. A low resolution TEM image showing some minor branching from the 
main Pb-Ge NW, when using Pb NPs as the seed. 
 
As an extension of the use of the Pb NPs to grow Ge NWs, high density 
branched Pb-Ge NWs were grown from the evaporated Pb seeded Ge NWs. Using 
ethanedithiol as a molecular linker, the NPs were covalently attached to the vapour 
grown Pb-Ge NWs and the synthesis protocol was repeated.
31
 The schematic of the 
growth process for the branched NWs is presented in Figure 9 (a) while a high 
magnification tilted SEM image of the resultant branched NWs is shown in 
Figure 9 (b). From this SEM image it is clear that the branched NWs have much 
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smaller diameters than the original NWs from which they are grown. While 
agglomeration of the Pb NPs was observed when the NPs were deposited directly 
on to the stainless steel substrate, only minor agglomeration of the Pb NPs is seen 
when they are deposited on to the original Ge NW layer. This is due to the 
attachment process which causes the NPs to bond to the Ge NWs so that when the 
reaction is heated up they are restricted to their placement on the NW. The resulting 
branched NWs have a mean diameter of 19 ± 6 nm with a seed/NW diameter ratio 
of 2.09:1, with high density growth observed, as shown in the low magnification 
SEM image in Figure 10 (a). The seed/NW diameter ratio of these branches is close 
to the seed/NW diameter ratio observed for the original VLS grown Pb-Ge, 
suggesting a clear correlation between the seed diameters and the resultant NW 
diameters. It can also be noted from the SEM image in Figure 9 (b) that the length 
of the original NWs has increased following the branched reaction. This is expected 
upon the re-introduction of the DPG as it has been previously observed in this 
synthesis procedure that type B seeds remain capable of further NW growth in 
subsequent reactions.
27
 The LRTEM image in Figure 9 (c) shows more clearly the 
extent of the high density growth of the branches on the original NWs. The high 
magnification SEM image in Figure 10 (b) shows that these crystalline Ge NW 
branches grow along the length of the NWs while also wrapping around them. 
Figure 9 (d) shows a DF-STEM image of the branched NWs with the corresponding 
EDX line profile overlaid, showing the composition of the seed and NW. 
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Figure 9. Branched Pb seeded Ge NWs (a) Schematic showing the process 
involved for branched NW growth, where the Pb NPs are deposited onto the Pb-Ge 
NWs and the reaction is repeated (b) High magnification SEM image of the 
synthesised material (c) LRTEM image showing more clearly the magnitude of the 
high density growth of the branched NWs and (d) DF-STEM image of a single 
branch with the corresponding EDX line profile overlaid. 
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Figure 10. (a) Low magnification SEM image showing the high density growth of 
the Pb-Ge branches from the main NWs. (b) High magnification SEM image of the 
branched material showing the extent of the growth of the branches as well as the 
wrapping of the branches around the original Pb-Ge NWs.  
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The electrochemical potential of the Pb-Ge NWs produced in the vapour 
phase, from the evaporated layer of Pb, was investigated to determine their potential 
for use as the anode of a Li-ion battery. Figure 11 shows the differential capacity of 
the 10
th
 cycles of the Pb-Ge NWs and branched Pb-Ge NWs, cycled at a rate of C/2. 
The differential capacity plot for a Pb only electrode is also included so a direct 
comparison can be made in order to determine the lithiation/delithiation peaks for 
Pb and Ge respectively. The Pb sample has two charging peaks, observed at 0.57 V 
and 0.35 V, while two discharge peaks are observed at 0.5 V and 0.65 V, which can 
be attributed to the respective alloying and de-alloying of Li with Pb. These peaks 
coincide with previous reports of Pb cycling with Li.
32,33
 The Pb-Ge NWs and 
branched Pb-Ge NWs show similar DCPs with the main charging peaks for Ge at 
0.17 V and 0.09 V while the main discharge peak is observed at 0.52 V. Similarly to 
the Pb peaks, these Ge peaks are consistent with those observed previously for Ge 
electrodes.
34-37
 The additional peaks are consistent with the presence of Pb showing 
the ability of the both the catalyst and NW materials to reversibly alloy with Li as it 
charges/discharges. 
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Figure 11. Differential capacity plots for the 10
th
 cycle of Pb only (black), Pb-Ge 
NWs (red) and branched Pb-Ge NWs (blue). 
 
Extended galvanostatic charge/discharge experiments performed on the Pb-
Ge NWs and the branched Pb-Ge NWs, at a rate of C/2 for 50 cycles, are shown in 
Figure 12 (a) and (b) respectively. The masses of the entire Li-active anode material 
(NW masses and catalyst masses) were taken into account when calculating the 
capacity figures for the plots shown. The Pb-Ge NW material shows a capacity of 
830 mAh/g after 50 cycles, while the branched Pb-Ge NW material shows a 
capacity of 1072 mAh/g after 50 cycles, giving a 242 mAh/g increase over the 
Pb-Ge NW material, due to the higher percentage of Ge in the branched material. 
The Pb-Ge NWs and the branched Pb-Ge NWs exhibited high Coulombic 
efficiencies of 97.76 % and 97.96 %, respectively. 
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Figure 12. Plot of charge/discharge capacities and Coulombic efficiencies for 
Pb-Ge NWs (b) and branched Pb-Ge NWs (c). 
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5.5 Conclusion 
In conclusion, we have shown the capability for growing Ge NWs directly 
on a stainless steel substrate in both the vapour and solution phases of a high boiling 
point solvent, using both an evaporated Pb layer and Pb NPs as the catalysts. The 
difference between the material grown in the vapour and solution phases of the 
solvent is highlighted with the VLS grown NWs being typically shorter and more 
tortuous in comparison to the longer, straighter NWs grown by the SLS mechanism. 
The synthesis process was also successfully extended to the growth of high density 
branched Ge NW networks by carrying out a secondary reaction, whereby seeds are 
placed on nanowires already anchored to a substrate and the growth process is 
repeated. The viability of the NWs as a Li-ion anode material was investigated and 
showed that the Pb-Ge NWs and branched Pb-Ge NWs demonstrated stable cycling 
performances, retaining a capacity of 830 mAh/g and 1072 mAh/g respectively, 
well over twice that of conventional graphitic based Li-ion anodes (372 mAh/g). As 
lead both catalyses the growth of the wires and also participates in the 
lithiation/delithiation processes, as revealed through the analysis of the differential 
capacity, it is promising for the re-use of recycled Pb from Pb-acid batteries, 
directly within the battery industry, for Li-ion battery application.  
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Chapter 6: Low Temperature Solution Synthesis of 
Silicon and Germanium Nanorods, Nanowires and 
Axial Heterostructures 
The contents of this chapter have been submitted for publication as an article (April 
2016). The only difference from the submitted manuscript is that the Supporting 
Information figures have been included in the main text for ease of reading. 
 
6.1 Abstract 
Herein, we report the low temperature solution formation of silicon, 
germanium and more complex Si-SixGe1-x and Si-Ge axial heterostructures in both 
nanorod and nanowire form. These nanorods/nanowires are grown using phenylated 
compounds of silicon and germanium as reagents, with precursor decomposition 
and associated phenyl redistribution chemistry achieved at substantially reduced 
temperatures of 200 °C, by the addition of a reducing agent (LiBH4) into the 
synthesis. The synthesis approach encompassing sequential injections of the liquid 
precursor and the reducing agent is suitably adaptable to allow for growth of 
nanowires from both a catalyst-coated substrate and from dispersed Sn NPs, via the 
solution-liquid-solid mechanism. The resulting nanorods and nanowires are 
analysed using SEM, TEM, DF-STEM, EDX and XRD.  
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6.2 Introduction 
Si and Ge nanowires (NWs) and nanorods (NRs) have found applications in 
a wide range of devices, such as in high-performance field effect transistors (FETs), 
next generation solar cells and as Li-ion battery anodes.
1-4
 The extension of their 
complexity to the formation of Si-SixGe1-x and Si-Ge axial hNWs allows for 
applications as tunnel FETs, thermoelectrics or photodetectors, where the strain can 
be used to modify the transport and optical properties.
5
 The most successful 
synthetic protocols have involved high temperature (> 500 °C)
6
 growth where 
precursors are supplied in gaseous form by chemical vapour deposition, laser 
ablation or molecular beam epitaxy. The growth is enabled by catalytic seeds 
through the vapour-liquid-solid (VLS)
7
 and vapour-solid-solid (VSS) mechanisms 
where a vapour (V) source is supplied to a liquid (VLS) or solid (VSS) catalyst and 
a solid NW is nucleated. Switching the gaseous source from silane to germane 
during the growth process or vice versa allows for heterostructure formation with a 
high degree of control.
8-11
 While gas phase protocols have been the most successful 
for group IV NW growth, there is an interest in the possibility of achieving these 
structures in wet chemical reactions through a process that is energy efficient and 
has potential for high throughput. Supercritical fluids allow the use of liquid 
precursors within a fluid growth medium that is essentially a region of 
liquid-vapour coexistence.
12-14
 While this approach does require similar high 
temperatures in addition to a pressurised system and suitable reaction vessels, it 
established the capacity to achieve single crystal Si and Ge NW growth in a wet 
chemical process. More recently, we have developed a solvent vapour growth 
system that does not require pressure but utilises the vapour zone of a solvent, 
heated above its boiling point (> 400 °C) as the growth zone. This allows for liquid 
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precursor injection and controlled NW formation in the form of substrate bound Si 
and Ge NWs, self-calaysed Ge NWs and more recently multi-segment axial Si-Ge 
heterostructure NWs.
15-18
  
Phenylated silicon and germanium precursors have proven to be very useful 
as liquid precursors as they are stable at room temperature and decompose at high 
temperatures, by a phenyl-redistribution chemistry, to give silane (or germane) 
required for nanowire growth, along with stable phenyl by-products that can be 
easily removed.
19,20
 However, there is a demand for even lower growth 
temperatures particularly for high volume applications, as the overall production 
costs can be significantly reduced through the lowering of the process temperatures 
involved. Achieving lower temperature growth in solution with silicon has been 
shown to be possible using highly reactive silane based precursors. Lu et al. have 
recently reported the colloidal synthesis of Si NRs at 200 °C using isotetrasilane, 
neopentasilane and cyclohexasilane
21
 as precursors, whereas, independently Yang 
and co-workers have recently reported the growth of Si NWs at 210 °C, using, 
tris(trimethylsilyl)silane and trisilane.
22
 
Here, we report a simple, low temperature sequential injection route to the 
formation of Si and Ge nanorods and nanowires and more complex axial Si-Ge 
heterostructure nanowires at temperatures as low as 200 °C in solution. The reaction 
uses stable phenylated compounds such as mono, di and tri-phenyl germanes 
(silanes) as precursors with a substantial lowering of their decomposition 
temperature enabled by a secondary injection of a reducing agent LiBH4, following 
the precursor hot injection. The approach uses a wet chemical, three-neck glassware 
set-up typically used for colloidal nanocrystal synthesis
23
 with NWs/NRs growing 
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via the SLS growth process either directly from Sn coated substrates or from 
discrete Sn nanoparticle seeds. The use of the reducing agent to control the 
reactivity of the precursor allows for a very high degree of control whereby the 
length of the resulting structures can be accurately tuned, according to growth 
temperature. Furthermore, it allows balancing of the reactivity’s of both silicon and 
germanium precursors to yield complex axial heterostructures in solution, in high 
yield. This high degree of dimensional and hetero-compositional control was 
previously only possible in gas phase growth and demonstration in solution at low 
temperature greatly expands the possibilities for their application at scale. This low 
energy route for production of these functional nanostructures as a wet chemical in 
high yield is attractive to meet the processing needs for next generation 
photovoltaics, batteries and electronic chemicals.  
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6.3 Experimental 
Chemicals Used  
All chemicals were used as received unless otherwise stated. The high 
boiling point solvent squalane (99 %), triphenylgermanium hydride (TPG), lithium 
borohydride (LiBH4) solution (2.0 M in THF), tin(II) acetate (Sn(C2H3O2)2, 
poly(vinyl pyrrolidone) (PVP) (Mw~55,000), 1,5-pentanediol and sodium 
borohydride (NaBH4) were received from Sigma-Aldrich. Diphenylgermane (DPG) 
(> 95 %) was supplied by Gelest. Phenylsilane (PS) (98 %) was supplied by 
Fluorochem. TPG, DPG PS, and LiBH4 were stored and dispensed from an argon 
filled glovebox. 
Evaporated Substrate Preparation 
Sn substrates were prepared by evaporating 99.999 % Sn (Kurt J. Lesker) in 
a glovebox based evaporation unit, onto stainless steel substrates. The nominal film 
thickness investigated was 30 nm. The substrates were stored in an Ar glovebox 
prior to reactions and contact with O2 was kept to a minimum. After synthesis, the 
substrates were rinsed with toluene to remove excess HBS and dried using a 
nitrogen line. No additional cleaning steps were required. 
Sn Nanoparticle Preparation 
The Sn NPs were synthesised using a previously reported procedure as 
follows.
24
 In a typical synthesis of Sn nanoparticles, 144 mg of Sn(C2H3O2)2, 1.69 g 
of PVP and 20 mL of 1,5 pentanediol were mixed together and loaded into a three 
neck flask. This mixture was evacuated under vacuum for 30 min and refilled with 
Argon. This mixture was heated to 120 °C. 231 mg of NaBH4 was added with 6 mL 
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of 1,5-Pentanediol and sonicated for 5 min. NaBH4 was introduced into the reaction 
mixture at 120 °C and upon addition, the colour changed immediately to dark 
brown indicating the formation of Sn NPs. It was further reacted for 10 min and the 
heating mantle was removed. At room temperature, this entire reaction mixture was 
transferred into a vial and stored in a glove box to avoid oxidation. 
Ligand exchange with oleic acid for dispersion in squalane: 0.2 ml of dark 
brown reaction mixture was added with 2 mL of hexane, 4 mL octadecene and 
0.4 ml of oleic acid. This was shaken well and centrifuged at 5000 rpm for 5 min. 
The bottom colourless layer was discarded and the brown top layer containing Sn 
nanoparticles was recovered. This step was repeated and the brown solution was 
again recovered. 4 ml of acetone was added to the brown solution and this was 
centrifuged at 5000 rpm for 5 min. The acetone was then discarded and the Sn NPs 
were dispersed in 10 ml of squalane. 
Reaction Setup 
Reactions were carried out in a three-neck flask containing 10 ml of 
squalane. For reactions carried out using the thin stainless steel substrate, the 
substrate was simply curved and placed into the solution within the flask. For 
reactions carried out using the Sn NPs, the NPs were immersed in the 10 ml of 
squalane, with this mixture then being placed into the flask. The flask was 
connected to a Schlenk line via a water condenser. A water condenser was used to 
control the reflux of the Si and Ge precursors and ensure that the reaction was kept 
under control. This set-up was evacuated at 125 °C for 40 min. The solution was 
then heated to the chosen reaction temperatures under a constant Ar flow. The 
chosen temperatures for the different reactions ranged from 200 °C to 300 °C. To 
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terminate the reaction, the heating mantle was removed from the three-neck flask 
and the setup was allowed to cool to room temperature before removing the NW 
material. 
Si NW growth 
At the selected reaction temperature, 0.75 ml of the liquid precursor PS was 
injected through a septum cap into the system. After 5 min, 0.05 ml of a LiBH4 
solution:squalane (1:1) mixture was injected. The reaction was allowed to proceed 
for 1 hour in total. An increase in the reflux was observed following the injection of 
the reducing agent, with the reflux ceasing completely after approximately 5 min. It 
was noted that shortly after the introduction of the reducing agent mixture, the 
solution in the flask turned a strong yellow colour, which remained for the entire 
reaction. Following the removal of the substrate, some yellow colour remained 
which was washed off with toluene and IPA. (For the synthesis at 200 °C, the 
reaction was initially ramped to 250 °C for 10 min to form the Sn seeds, before 
being ramped down to 200 °C and the PS and reducing agent were injected as 
above). 
Ge NW growth 
At the selected reaction temperature, 0.25 ml of the liquid precursor DPG 
was injected through a septum cap into the system. After 5 min, 0.05 ml of a 
LiBH4/squalane (1:1) mixture was injected. The reaction was allowed to proceed for 
40 min in total. The solution turned a dark purple/brown colour after approximately 
5 – 10 min, which remained for the entire reaction. (For the synthesis at 200 °C, the 
reaction was initially ramped to 250 °C for 10 min to form the Sn seeds, before 
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being ramped down to 200 °C and the DPG and reducing agent were injected as 
above). 
Si-SixGe1-x NW growth catalysed from evaporated Sn layer 
A typical Si reaction (consisting of a PS injection and reducing agent 
injection) was carried out at 300 °C for 1 hour. The temperature was either 
maintained at 300 °C or dropped to 260 °C before 0.25 ml of a TPG/squalane 
mixture (1:4 w/v) was injected and allowed to react for 40 min. 
Si-Ge NW growth catalysed from evaporated Sn layer 
A typical Si reaction (consisting of a PS injection and reducing agent 
injection) was carried out at 300 °C for 1 hour. The reaction temperature was 
dropped to 240 °C and 0.25 ml of DPG was injected and allowed to react for 10 
min. 
Ge-SixGe1-x NW growth 
A typical Ge reaction (consisting of a DPG injection and reducing agent 
injection) was carried out at 250 °C for 40 min. 0.75 ml of PS was then injected and 
allowed to react for 1 hour. 
Si-SixGe1-x NW growth catalysed from Sn NPs 
A typical Si reaction (consisting of a PS injection and reducing agent 
injection) was carried out at 230 °C for 1 hour. 0.25 ml of DPG was then injected 
and allowed to react for 25 min. DPG was used instead of TPG due to the lower 
reaction temperature involved. 
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Post Synthetic Treatment 
After synthesis, the substrates were rinsed with toluene to remove excess 
HBS. No additional cleaning steps were required. For the syntheses with the Sn 
NPs, the resulting solution containing the NWs was centrifuged at 4000 rpm for 10 
min. The solution was dis-carded and the product was washed in a toluene/IPA 
mixture (1:2) and sonicated for 10 min. This was centrifuged at 4000 rpm for 10 
min and this washing was performed 2 more times before the final product was 
dispersed in toluene. 
Analysis 
SEM analysis was performed on a Hitachi SU-70 system operating between 
3 and 20 kV. The substrates were untreated prior to SEM analysis. For TEM 
analysis, the NWs were removed from the growth substrates through the use of a 
sonic bath. TEM analysis was conducted using a 200 kV JEOL JEM-2100F field 
emission microscope equipped with a Gatan Ultrascan CCD camera and EDAX 
Genesis EDX detector. TEM/STEM/EDX analysis of the NWs was conducted on 
Cu TEM grids. XRD analysis was conducted using a PANalytical X’Pert PRO 
MRD instrument with a Cu Kα radiation source (λ = 1.5418 Å) and an X’celerator 
detector. 
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6.4 Results and Discussion 
The synthetic set-up outline in Figure 1 (a) involves a three-neck round 
bottomed flask containing the organic solvent, squalane, and the catalyst 
(evaporated Sn on stainless steel or Sn NPs), shown in Figure 1 (b) with the 
sequential hot injection of the precursor followed by a reducing agent (LiBH4), 
respectively, at the desired growth temperature, allowing for the growth of 
NRs/NWs of Si (c), Ge (d), SixGe1-x heterostructures (e) or Si-Ge 
heterostructures (f). 
 
Figure 1. The hot injection synthesis set-up (a) allowing direct substrate or 
nanoparticle seeded growth (b) of Si (c), Ge (d) Si-SixGe1-x heterostructures (e) or 
Si-Ge heterostructures (f) at low reaction temperatures. 
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Sn seeded Si NWs were grown directly from Sn coated substrates at 
temperatures ranging from 300 °C down to 200 °C (Figure 2). There is a clear 
reduction in the length of the resulting Si nanostructures as the reaction temperature 
is lowered, changing from 2.2 μm NWs (300 °C) to 360 nm NWs (220 °C) to 
100 nm NRs (200 °C) as shown in the SEM images in Figure 2 (a, c and e). While 
the growth temperature of 220 °C is over 10 °C below the melting point of bulk Sn 
and the eutectic point of Sn-Si (both 231.9 °C), our observations show that in situ 
seed formation still occurs due to melting point depression. At 200 °C, the 
temperature is too low for discrete Sn seed formation, as shown in Figure 3, so a 
two-step process was incorporated where the reaction was ramped to an initial 
temperature of 250 °C before being dropped to 200 °C at which point the PS was 
injected. DF-STEM images of representative NWs and NRs at each temperature are 
highlighted in Figure 2 (b, d and f) with the inset corresponding EDX line scans, 
taken along the green arrows, showing a sharp change of material between the Sn 
seeds and the Si NWs/NRs (Sn in grey, Si in blue). 
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Figure 2. SEM, DF-STEM, LRTEM and EDX line scans (Sn in grey, Si in blue) of 
Sn seeded Si NWs over a range of reaction temperatures. (a, c and e) SEM images 
of the Sn seeded Si material produced at 300 °C, 220 °C and 200 °C. (b, d and e) 
Representative DF-STEM images with inset TEM images and corresponding EDX 
line scans at each temperature. 
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Figure 3. SEM of the Sn layer on the stainless steel substrate following a reaction at 
200 °C, showing the absence of the formation of discrete Sn seeds. 
 
XRD analysis of the as-synthesised material at 300 °C showing peaks for 
cubic Si (space group Fd3̅m) and tetragonal Sn (space group I41/amd) is shown in 
Figure 4. 
 
Figure 4. XRD of the as-synthesised Sn-Si material at 300 °C, showing peaks for 
cubic Si and tetragonal Sn.  
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To highlight the importance of the inclusion of the reducing agent, two Si 
reactions were performed at 250 °C, in the presence and absence of the LiBH4 
mixture, respectively. While Sn seeded Si NRs with lengths of approximately 
650 nm were obtained in the presence of the reducing agent, in its absence, no NW 
growth was observed. SEM images of the as-synthesised material for these two 
reactions are shown in Figure 5 (a) and (b), respectively. 
 
Figure 5. SEM image of Sn-Si NWs synthesised using the reducing agent at 
250 °C, showing average lengths of 1 μm. (b) SEM image of the substrate following 
a Sn-Si NW synthesis at 250 °C in the absence of the reducing agent where in situ 
Sn seeds are formed but no NW growth occurs.  
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Figure 6 shows Sn seeded Ge NWs grown at a range of temperatures 
between 300 °C and 220 °C. Comparable to the pattern observed for the Si 
syntheses, a clear change in the lengths of the Ge structures is noted across the 
temperature range. The SEM images in Figure 6 (a, c and e) show the reduction in 
average lengths from 6 μm (300 °C) to 2.5 μm (250 °C) to 430 nm (220 °C). It can 
be noted from the SEM and DF-STEM images in Figure 6 (a - b) that there is a high 
degree of tapering in the NWs synthesised at 300 °C. This tapering phenomenon 
has been widely reported in the growth of a range of NWs and is attributed to both 
the migration of the catalyst material to the sidewall as well as the uncatalysed 
decomposition of the source material on the sides of the NW, resulting in the 
reduction of both the catalyst and NW diameters as NW growth continues.
25-27
 The 
incorporation of catalyst atoms into the NW may also contribute to this tapering 
effect.
17
 At the lower growth temperatures no NW tapering is observed, which is 
also consistent with previous reports.
28-30
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Figure 6. SEM, DF-STEM, LRTEM and EDX line scans (Sn in grey, Ge in red) of 
Sn seeded Ge NWs over a range of reaction temperatures. (a, c and e) SEM images 
of the Sn seeded Ge material produced at 300 °C, 250 °C and 220 °C. (b, d and e) 
Representative DF-STEM images with inset TEM images and corresponding EDX 
line scans at each temperature. 
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Figure 7 (a-c) shows the XRD patterns obtained for the as-synthesised 
materials at 300 °C, 250 °C and 220 °C respectively, giving reflections for cubic Ge 
(space group Fd3̅m) and tetragonal Sn (space group I41/amd), with the peak 
intensities for Ge decreasing as the temperature is reduced, coinciding with the 
decrease in NW densities. The lowest temperature growth of 200 °C for Ge also 
required a two-step process, with initial heating to 250 °C to form the Sn seeds, 
before dropping to 200 °C at which stage the DPG and LiBH4 were injected. SEM 
analysis of the substrate, presented in Figure 7 (d), showed the formation of low 
aspect ratio Ge NRs at this temperature with lengths of approximately 60 nm. 
 
Figure 7. (a-c) XRD patterns of the as-synthesised Sn-Ge NW/NR substrates at 
300 °C, 250 °C and 220 °C respectively showing peaks for cubic Ge and tetragonal 
Sn. (d) SEM image of a Sn-Ge NR synthesis at 200 °C, where the reaction was 
initially ramped to 250 °C before the DPG and reducing agent were injected, 
showing NW lengths of approximately 60 nm. 
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Having successfully grown Si and Ge NWs in solution, we investigated the 
possibility to form more complex Si-Ge axial heterostructures. For the synthesis of 
these structures, a Si NW reaction was performed at 300 °C with PS and the 
reducing agent being injected. After a reaction time of 60 min, the germanium 
precursor (TPG or DPG) was injected into the flask at a separate temperature 
(240 °C, 260 °C or 300 °C) and the reaction was allowed to continue for 40 min or 
10 min, respectively. Depending on the reaction temperature and germanium 
precursor used for these reactions, the composition of the second segment can be 
varied from SixGe1-x to pure Ge. The SEM image in Figure 8 (a) shows the hNWs 
obtained when TPG is used as the Ge precursor at a reaction temperature of 260 °C. 
DF-STEM and corresponding EDX line scan analysis of a representative hNW, 
Figure 8 (b), show that the first segment is pure Si while the second segment is 
made up of a SixGe1-x alloy, with an approximately 1:1 ratio. At 300 °C, the 
heterostructures produced had a second segment with a Si:Ge ratio of 
approximately 1:4 suggesting a relative increase in the reactivity of the TPG 
precursor at the higher temperature (Figure 8 c-d). 
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Figure 8. SEM, DF-STEM and EDX analysis (Sn in grey, Si in blue, Ge in red) of 
Sn-Si-SixGe1-x synthesised at different temperatures using TPG as the Ge source. (a) 
SEM image of the as-synthesised Sn-SixGe1-x hNWs produced at 300 °C (PS) and 
240 °C (TPG), where the difference between the Si and SixGe1-x materials is evident 
from the difference in contrast. (b) DF-STEM image of a Sn-SixGe1-x hNW with 
corresponding EDX line scan showing an approximate 1:1 ratio of Si:Ge (c) SEM 
of the hNWs produced at 300 °C (PS and TPG) (d) DF-STEM image of a 
Sn-SixGe1-x hNW with its corresponding line scan indicating an approximately 1:4 
ratio of Si:Ge in the SixGe1-x segment. 
 
Figure 9 shows the reverse configuration beginning with a Ge segment can 
also be produced, with an alloyed SixGe1-x region similarly being formed as the 
second segment. 
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Figure 9. DF-STEM image (a) of a Sn-Ge-SixGe1-x hNW synthesised at 250 °C 
with the corresponding line scan in (b) showing the presence of both Si and Ge 
signals in the second segment. 
 
In previous works, a combination of PS and TPG has previously allowed for 
pure Si-Ge hNWs at temperatures (> 430 °C)
17,18
 in the solvent vapour growth 
system. In order to achieve pure Ge as the second segment, while achieving growth 
in solution, we investigated the more reactive Ge precursor, DPG, as the source. 
The SEM image in Figure 10 (a) shows the resultant hNWs following a reaction 
with DPG at 240 °C. From the DF-STEM image and corresponding EDX line scan 
in Figure 10 (b), it can be noted that there is a lack of significant Si signal in the 
second segment suggesting a pure Ge segment has been produced. The ability to 
form these axial heterostructures, with such abrupt interfaces between the Si and Ge 
segments, establishes solution growth as a reproducible approach to deliver 
complex nanostructures as required for high performance devices. 
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Figure 10. (a) SEM image of the hNWs produced with DPG as the Ge source 
(at 240 °C) with the DF-STEM and corresponding EDX line scan of a 
representative hNW, (b), showing a second segment consisting of pure Ge. 
 
These NW reactions can also be performed using preformed Sn NPs as the 
seeds, synthesised using a modification of a previously reported procedure
24
, 
resulting in non-bound NWs in solution. The Sn NPs, capped with oleic acid, are 
suspended in the squalane and this mixture is then added to the reaction flask prior 
to precursor and reducing agent injection. TEM and DF-STEM analysis, 
(Figure 11 a-b), for a silicon reaction performed at 200 °C, shows the typical wire 
dimensions and confirms the presence of Sn in the seed and Si in the NW section, 
with very little overlap. The seeding protocol works equally well for Ge at 200 °C, 
with narrow diameter wires forming, with a sharp interface between the wire and 
the metal seed (Figure 11 c-d). Extending, the growth to axial heterostructures was 
also possible as shown in Figure 11 (e) where the NW consists of a short Si segment 
(~ 420 nm) followed by a longer SixGe1-x (~ 1.5 μm) segment. The line scan inset at 
the top right of Figure 11 (f) shows the change in material from pure Si to the alloy 
region, which is made up of an approximate 1:1 ratio of Si:Ge. The line scan at the 
bottom right shows the presence of the Sn seed at the tip of the NW and the alloy 
segment remaining as a 1:1 ratio of Si:Ge at the end of the NW. 
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Figure 11. TEM and EDX analysis (Sn in grey, Si in blue, Ge in red) of Sn NP 
seeded Si, Ge and Si-SixGe1-x NWs. (a) and (b) TEM and DF-STEM images of Sn 
NP seeded Si NWs synthesised at 200 °C with corresponding EDX line profile inset 
in (b). (c) and (d) TEM and DF-STEM images of Sn NP seeded Ge NWs 
synthesised at 200 °C with corresponding EDX line profile inset in (d). (e) LRTEM 
image of a Sn NP seeded Si-SixGe1-x hNW synthesised at 230 °C, with HRTEM 
image of the Si-SixGe1-x interface inset. (f) DF-STEM image of a Sn NP seeded 
Si-SixGe1-x hNW with inset EDX line scans (top right) for the Si-SixGe1-x interface 
and (bottom right) for the Sn-SixGe1-x interface.  
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6.5 Conclusion 
We have synthesised Sn seeded Si and Ge nanowires and nanorods at low 
reaction temperatures and extended the complexity to the formation of Si-Ge axial 
heterostructures, in a solution synthesis approach, via the SLS growth mechanism. 
This is achieved within a low cost glassware system at a range of temperatures 
between 200 °C and 300 °C. We have shown that the high density growth of the 
NWs at these low reaction temperatures from phenyl derivatives is enabled through 
the addition of a reducing agent into the system. The ability to tune the lengths of 
the structures obtained from NWs to NRs, through changing the reaction 
temperatures, facilitates a high degree of control in this synthetic protocol. We have 
also shown that it is possible to tune/vary the composition of the second segment of 
the Si-Ge axial heterostructures, allowing for the production of a range of 
compositions of the second segment from alloyed SixGe1-x to pure Ge depending on 
the temperature and Ge source selected. The approach is sufficiently versatile to 
allow growth directly from a catalyst coated substrate or from dispersed Sn NPs. 
The ability to form such NWs in solution with the desired complexity (length and 
heterostructure control) opens pathways for their scalable integration for a multitude 
of applications across nanoelectronics, batteries and field emission devices.  
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Chapter 7: Conclusions and Recommendations for Further 
Study 
 This thesis describes the synthesis of Si, Ge, branched Ge, Si-SixGe1-x and 
Si-Ge axial heterostructure nanowires and nanorods using two different solution 
synthesis approaches. These approaches allowed for the synthesis of these NRs and 
NWs via both the VLS and SLS growth mechanisms, simultaneously and 
separately. The use of different catalyst materials for the synthesis of these 
nanostructures shows the versatility of these systems. The ability to dramatically 
reduce the reaction temperatures typically used for Si and Ge NW growth 
(> 400 °C) is also outlined. The versatility of both systems for the production of 
substrate-bound and non-bound NWs was shown and the application of some of the 
resulting structures as Li-ion battery anodes was performed. 
 
7.1 Conclusions from Chapter 3 
 The synthesis of VLS and SLS grown Sn seeded Si-Ge axial hNWs, in the 
solvent vapour and solvent liquid regions of a HBS medium, was detailed in 
Chapter 3. The use of the low solubility catalyst Sn allowed for abrupt Si-Ge 
interfaces to be formed within the hNWs. The growth of these complex structures 
has previously been confined to the VLS growth mechanism, with the ability to 
produce these structures in high densities in solution being of interest for the 
upscaling of the synthetic protocol in line with industry requirements. The synthesis 
of these hNWs in solution was made possible in two different ways 1) through the 
addition of excess Si precursor to the reaction flask and 2) through the injection of a 
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reducing agent (LiBH4), into the reaction vessel, with comparably abrupt Si-Ge 
interfaces produced through both methods. When comparing the lengths of the 
resulting segments for both modifications, it was found that when the reducing 
agent was added, the Si segment length increased while the Ge segments were much 
shorter, suggesting a significant increase in the reactivity of PS. The versatility of 
the synthetic system for the solution growth of these hNWs from pre-formed Sn 
NPs, was also detailed, with non-bound hNWs, of consistently smaller diameters, 
being produced. The viability of the application of these Sn seeded Si-Ge hNWs, as 
the anode of a Li-ion battery, was then examined. The anode investigated for the 
C/5 rate had a ratio of 1.3:1.38:1 (Sn:Si:Ge) with capacities of approximately 
1380 mAh/g and an average Coulombic efficiency of 97.7 % sustained over 
50 cycles. These hNWs displayed excellent rate capability with a capacity of 
approximately 580 mAh/g maintained at the very high rate of 10C. We showed, 
through the analysis of the differential capacity of these anodes, that both the 
catalyst material (Sn) and the hNWs (Si-Ge) contributed to the cycling. The effect 
of repeated lithiation and delithiation on the morphology of the NWs was observed 
through ex-situ SEM and TEM analysis, after cycling for 1, 5, 10, 20 and 50 cycles. 
From this it was determined that the anode material undergoes a morphological 
change resulting in alloyed, amorphous networks being formed, composing of Sn, 
Si and Ge as confirmed through EDX analysis. 
  
210 
 
7.2 Conclusions from Chapter 4 
 The reversal of the configuration of the Si-Ge hNWs in Chapter 3 was 
detailed in Chapter 4, with the progression to the synthesis of more complex, 
multi-segment Si-Ge axial hNWs. The synthesis of Ge-Si hNWs was made possible 
through the inclusion of a quench sequence, involving a substrate cleaning step, 
after the growth of the Ge segment, before the substrate was placed in a clean 
reaction flask where a Si reaction was performed. The Ge-Si interfacial abruptness 
was determined through atomically resolved EELS analysis of the hNWs, with the 
transition from pure Ge to pure Si occurring over 10 - 15 nm. The importance of a 
cleaning step between the Ge and Si reactions was determined by performing a Si 
reaction without cleaning the substrate before the subsequent Si reaction. In the 
absence of this cleaning step, it was found that the second segment of these hNWs 
consisted of varying compositions of Si/Ge alloys, rather than a pure Si segment 
being produced. The extension of this synthetic protocol to the synthesis of 
alternating multi-segment hNWs of up to at least 6 segments was then detailed. 
Si-Ge-Si, Ge-Si-Ge, Si-Ge-Si-Ge and Si-Ge-Si-Ge-Si-Ge axial hNWs were 
successfully synthesised, through the use of the quench and cleaning protocol, with 
this being the first instance of alternating pure Si and pure Ge hNWs. 
 
7.3 Conclusions from Chapter 5 
 The growth of single crystal and branched Ge NWs, using Pb as the catalyst, 
was demonstrated in Chapter 5. The growth of these NWs was possible in both the 
solvent vapour and solvent liquid regions of the HBS medium simultaneously, 
through the VLS and SLS growth mechanisms, respectively. This simultaneous 
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growth allowed for a direct comparison to be drawn between the NWs produced 
through the two growth mechanisms. The lengths of the NWs synthesised in the 
solution region were much longer (approximately 7 times longer) than the NWs 
synthesised in the vapour region. The synthetic protocol was extended to the use of 
Pb NPs as the catalyst, with some branching of the NW material observed in these 
reactions. The ability to produce Ge NW branches by attaching the Pb NPs directly 
to the original Pb-Ge NW material was then examined, with high density NW 
growth occurring. The potential for the application of both the Pb-Ge NWs and the 
Pb-Ge branched NWs as Li-ion battery anodes was also detailed, with the analysis 
of the differential capacities showing that both the Pb seeds and the Ge NWs, 
contribute to Li cycling. The extended galvanostatic charge/discharge experiments 
performed on these Pb-Ge NW and branched Pb-Ge NW anodes, at a rate of C/2 for 
50 cycles, showed excellent Coulombic efficiencies of 97.76 % and 97.96 %. While 
the Pb-Ge NWs retained a capacity of 830 mAh/g after 50 cycles, the branched 
Pb-Ge NWs showed a substantial increase in capacity, to 1072 mAh/g, due to the 
increased quantity of Ge NWs on the branched anodes. 
 
7.4 Conclusions from Chapter 6 
 Chapter 6 details the low temperature solution synthesis of substrate-bound 
and non-bound NRs and NWs of Si, Ge and Si-Ge axial hNWs using Sn as the 
catalyst. The synthetic system used in this Chapter was the set-up typically used for 
the colloidal synthesis of nanocrystals, with NR/NW growth occurring exclusively 
through the SLS growth mechanism. The dramatically reduced reaction 
temperatures, for the synthesis of these NRs and NWs, were enabled through the 
212 
 
addition of a reducing agent (LiBH4) to the reaction flask. The addition of this 
reducing agent allowed for the reactivity of the phenyl derived Si and Ge precursors 
to be significantly increased to allow for the growth of these structures at 
temperatures as low as 200 °C. The ability to tune the Si and Ge NR/NW lengths 
was made possible by simply varying the reaction temperature between 200 °C and 
300 °C. The ability to synthesise Si-SixGe1-x and Si-Ge axial hNWs was also 
presented. Varying the composition of the second segment from SixGe1-x to pure Ge 
was made possible through modifications to the reaction temperatures used for this 
segment, as well as through changing the Ge precursor from the less reactive TPG 
to the more reactive DPG. Ge-SixGe1-x hNWs could also be formed in this system 
by reversing the order in which the precursors were introduced into the reaction 
flask. This synthetic protocol was easily adapted to the growth of non-bound NWs 
of Si, Ge and Si-SixGe1-x, at these reduced reaction temperatures, catalysed using 
pre-formed Sn NPs. 
 
7.5 Recommendations for Further Study 
The VLS growth of Si-Ge hNWs has been observed using the low solubility 
catalysts Sn and In. Sn is a group IV element which has the potential for introducing 
intrinsic dopants into the semiconductor materials. However, In, as a group III 
element, has the potential for the p-type doping of these hNWs. Conversely, the low 
solubility catalyst, Bi, which is a group V element, should be capable of the n-type 
doping of the Si-Ge hNWs. The synthesis of these hNWs using alloys of Sn/In and 
Sn/Bi may allow for the tuning of these potential doping effects in the 
semiconductor NWs. Initial results show that through the sequential thermal 
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evaporation of Sn and In or Sn and Bi these alloy seeds can be successfully formed, 
with different ratios possible through the evaporation of different layer thicknesses 
of the metals. These substrates have shown initial promise in the synthesis of Si, Ge 
and Si-Ge hNWs with different seed ratios (Figure 1) and therefore may produce 
NWs consisting of varying carrier densities. The continuation of this synthesis may 
allow for the precise tuning of carrier densities within the NWs, directly from the 
catalyst materials. Electrical analysis of these NWs would be very interesting to 
determine whether the doping of the NWs has been successfully modified. This 
would provide a simple method for the introduction of both n-type and p-type 
dopants into the NWs. 
 
Figure 1. Preliminary results for the use of alloy catalysts for Si-Ge hNW growth. 
(a) Sn/In alloy seeded Si-Ge hNW with a seed ratio of 1:1 (Sn:In). Sn/Bi alloy 
seeded Si-Ge hNW with a seed ratio of 5:1 (Sn:Bi). 
 
The ability to produce more abrupt Ge to Si interfaces in the multi-segment 
hNWs may be possible through the use of higher reactivity Si precursors. While the 
introduction of dopants into Si and Ge NWs through the use of different catalysts is 
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very interesting for their potential application in nanoelectronic devices, the ability 
to introduce specific dopant quantities into nanowires would show a significant 
advancement in the solution synthesis of these Si and Ge NWs. This would be 
particularly interesting for the multi-segment axial hNWs synthesised in Chapter 4 
as different dopants could be introduced into the alternating segments, allowing for 
p-i-n, n-p-n, p-n-p etc. junctions to be formed along the nanowire lengths.  
Initial results from the introduction of Sb atoms into Ge NWs show that this 
may be possible in the SVG system as shown in Figure 2. Further characterisation 
of these NWs is essential for the determination of the location of the Sb atoms to 
ascertain whether they are confined along the NW lengths or situated on the NW 
sidewalls. Electrical analysis of these NWs should determine whether the 
introduction of Sb is contributing n-type dopant atoms. Upon this determination, the 
ability to introduce p-type dopant atoms, through the use of similar precursors of, 
for example, B or Ga, may be investigated with an aim of the alternating inclusion 
of these dopants along the multi-segment axial heterostructure lengths. 
 
Figure 2. Initial results for the incorporation of a Sb precursor into the synthesis of 
Sn seeded Ge NWs. (a) TEM image of a Sn-Ge NW (b) EDX spectrum confirming 
the presence of Ge, Sn and Sb at the point labelled in (a). 
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Further study of the use of other low solubility seeds for single crystal and 
branched Ge NWs could be interesting for increasing the capacity of the Li-ion 
battery anodes. Sn has a higher theoretical capacity than Pb so the integration of this 
catalyst, whether it be for the original Ge NW backbone or for the branched NWs, 
may allow for an increase to the overall capacities achieved in these NWs. The 
introduction of Si to these nanowire networks may also allow for a significant 
improvement of the capacities achievable. The growth of axial heterostructure NWs 
as the branches may also allow for an improvement to the capacities and stability of 
the anodes. 
 The investigation of other catalyst materials for the low temperature solution 
synthesis of nanorods and nanowires of Si, Ge and their axial heterostructures may 
allow for even lower growth temperatures to be achieved, with the use of lower 
melting point catalysts. The ability to synthesise In seeded Si and Ge NWs at 
temperatures of < 200 °C has shown promising preliminary results with Si and Ge 
NRs achieved at 190 °C (Figure 3), from a thermally evaporated layer of In. The 
use of In NPs may allow for longer Si and Ge NWs to be synthesised, while the use 
of the very low melting point catalyst, Ga, could enable NW growth at even lower 
growth temperatures. The use of lower boiling point solvents as the medium for 
NW growth may also be possible through the addition of the reducing agent, which 
could allow for the simultaneous VLS and SLS growth of NWs at lower 
temperatures in the SVG system. 
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Figure 3. Preliminary results for the low temperature solution synthesis of In 
seeded Si and Ge NRs. (a) In seeded Si NRs and (b) In seeded Ge NRs synthesised 
at 190 °C. 
